Handbook of 
MODERN SOLID-STATE 
AMPLIFIERS 


JOHN D. LENK 


Prentice-Hall, Inc., Englewood Cliffs, New Jersey 


Library of Congress Cataloging in Publication Data 
LENK, JOHN D 
Handbook of modern solid-state amplifiers. 


1. Transistor amplifiers. I. Title. 
TK7871.2.L385 621.3815'35 73-21834 
ISBN _0-13-380394-5 


© 1974 by 
PRENTICE-HALL, INC. 
Englewood Cliffs, New Jersey 


All rights reserved. No part of this book may be 
reproduced in any form or by any means without 
permission in writing from the publisher. 


Printed in the United States of America 


1098765 43 


CONTENTS 


PREFACE xi 


1. BASIC AMPLIFIER THEORY 1 


Classifying amplifiers: 3 ios4.shu b4 ola cee eed ered ckes ] 
The basic amplNNe® 224 .4st528 oid ee eee inass 4a eh ies 2 
Rules for labeling, biasing, and polarities in transistors. . 4 
Common-emitter amplifier ...................2000005 4 
Common-base amplifier .............0 000: eee eee ee 9 
Common-collector amplifier ...................20005 12 
Amplifier bias networks ............ 00.00. e eee eee 14 
Amplifier classifications based on operating point ...... 25 
Amplifier distortion .........0.0. 0.0.0. e eee eee 30 
O Decibel measurements ............. 00.0 cece eee eee 31 
1 Field-effect transistor amplifiers .................... 34 


ee eo 
i 
—m LO cOonN NR WN 


2. AUDIO-FREQUENCY AMPLIFIERS 48 


2-1 Frequency limitations of amplifier components ........ 48 
2-2 OUDINE Methods-s5..5).a%.2300.aas seeks eeee ee aeeyit 53 
2-3 How transistor ratings affect amplifier characteristics ... 57 
2-4 Basic two-junction transistor amplifier stage .......... 78 
2-5) Basic‘ FET @MmMpiner Stage <4 s6 564 Vo etek eae ood 82 
2-6 Multistage amplifiers...............--0- 22 eee ee eee 99 
2-7 Multistage audio amplifiers with transformer coupling. . 101 
2-8 Audio-amplifier operating and adjustment controls .... 112 
2-9 Tuned audio amplifiers (active filters) ................ 124 
2-10 Transformerless phase inverter...................... 128 
2-11 Integrated-circuit audio amplifiers .................. 129 


Vil 


viil Contents 


3. RADIO-FREQUENCY AMPLIFIERS 130 


3-1 Types of radio-frequency amplifiers .................. 130 
3-2 Basic narrowband radio-frequency amplifier theory .... 132 
3-3 Basic wideband radio-frequency amplifier theory ...... 14] 
3-4 Resonant circuits for radio-frequency amplifiers........ 145 
3-5 Radio-frequency voltage-amplifier circuit analysis ...... 149 
3-6 Frequency mixers and converters .................... 152 
3-7 AVC-AGC circuits for amplifiers .................... 155 
3-8 FET radio-frequency amplifiers...................... 158 
3-9 Radio-frequency power amplifiers and multipliers ...... 187 
3-10 Using datasheet graphs to design radio-frequency 

AMPplMEr NEIWOIKS < ¢. 03-45 4-495 2ce dow k aie ees hen Bead 197 
3-11 Using sampled »-parameter techniques to design 

radio-frequency amplifier networks.................. 206 


4. DIRECT-COUPLED AND 


COMPOUND AMPLIFIERS 216 
4-] Basic direct-coupled amplifier theory ................. 216 
4-2 Practical direct-coupled two-junction transistor 
AMIDES .g.c-cag ears ee ind awa hee eee ees 220 
4-3 Practical direct-coupled FET amplifiers............... 223 
4-4 Hybrid direct-coupled amplifiers ..................... 226 
4-5 Stabilization problems in direct-coupled amplifiers ..... 230 
4-6 Darlington compounds............... 2.00: eee eee 234 
4-7 Special direct-coupled amplifier circuits............... 238 
4-8 Transformerless direct-coupled audio amplifier ........ 241 
4-9 Short-circuit protection and secondary breakdown ..... 253 
4-10 Direct-coupled integrated-circuit amplifiers........... 257 
5. DIFFERENTIAL AMPLIFIERS 270 
5-1 Basic differential-amplifier theory .................... 270 
5-2 FET versus two-junction transistors .................. 273 
5-3 Common-mode dennitiOns...2 + cxsiews eee ees eK ses 282 
5-4 Floating inputs and ground currents.................. 283 
5-5 Differential amplifiers in laboratory test equipment .... 284 
5-6 Differential amplifiers as tuned amplifiers and cascaded 
SMIPUNEIS. sce eee Res Gos eee Saad eke Ee CoN 288 
5-7 Differential inputs and outputs ..................005. 291 


5-8 Differential amplifiers as linear integrated-circuit 
Gperationalamplimers 45 scor ede state aang ces 294 


6. OPERATIONAL AMPLIFIERS 


6-1 Typical integrated-circuit op-amp .................... 
6-2 Design consideration for frequency response and gain .. 
6-3 Interpreting integrated-circuit op-amp datasheets ...... 
6-4 Op-amp power supplies ............ 0.0.22 cee eee eee 
6-5 Typical integrated-circuit op-amp circuit design........ 
6-6 Integrated-circuit op-amp applications................ 


7. AMPLIFIER TEST AND 
TROUBLESHOOTING 


7-1 Basic audio-amplifier tests .. 0.0... .0.. 0000 e eee eee 
7-2 Analyzing amplifier operation with test results ........ 
7-3 Basic radio-frequency amplifier tests.................. 
7-4 Basic operational-amplifier tests...................0-. 
7-5 Basic feedback amplifier troubleshooting.............. 
7-6 Effects of leakage on amplifier gain .................. 
7-7 Effect of capacitors in solid-state amplifiers............ 
7-8 Basic op-amp troubleshooting ..............-.....4-. 


INDEX 


Contents 


299 


ix 


PREFACE 


This handbook is devoted to the subject of modern electronic 
amplifiers. Virtually all fields of electronics require the use of amplifiers in 
one form or another. The handbook is written at the “middle level,” com- 
bining both theory and practice. 

Most existing books on amplifiers fall into one of three classes: the over- 
simplified beginner’s introduction, the technician’s “how” book limited to a 
specific type of amplifier, or the engineer’s highly theoretical, math-oriented, 
design book. Although all this information can be useful, it still leaves many 
questions unanswered, and creates a gap for those who must work with 
amplifiers, at all levels. 

The Handbook of Modern Solid-State Amplifiers fills the gap, since it covers 
the four areas most needed: theory (including circuit analysis of both theo- 
retical and commercial amplifiers), proved design practices, comprehensive 
test procedures, and practical troubleshooting techniques. Thus, the hand- 
book is suitable for the student who wants basic theory, the designer who 
needs simplified design approaches, the technician who must test and trouble- 
shoot amplifiers, or anyone who wants an all-around source book for solid- 
state amplifiers. 

The handbook describes all types of amplifiers in current use: audio, radio 
frequency, direct coupled, differential, compounds, and operational amplifiers 
(op-amps). It covers both discrete amplifier circuits (two-junction transistor 
and field-effect transistor, or FET), as well as selected integrated-circuits 
(ICs). Of course no book can cover all amplifier circuits in existence. For this 
reason, this handbook describes the time-tested, yet up-to-date, amplifier 
circuits in common use. 

Chapter | is devoted to basic amplifier theory. Chapters 2 through 6 
describe theory and simplified design for audio, radio-frequency, direct- 
coupled, differential, and op-amps, respectively. Chapter 7 summarizes test 
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procedures and troubleshooting techniques for all types of solid-state ampli- 
fiers. 

The author has received much help from various organizations in writing 
this book. He wishes to give special thanks to the following: General Electric, 
Hewlett-Packard, Motorola, Texas Instruments, and Radio Corporation of 
America. 


JOHN D. LENK 


1. BASIC AMPLIFIER THEORY 


In this chapter we shall review and summarize basic amplifier 
theory. The first question that may arise is “What is an amplifier?” For our 
discussion, the purpose of an amplifier is to increase the amplitude of a 
voltage, current, or power. Secondary functions are to isolate signal sources 
from other circuits, and provide impedance matching. 

In both simple and complex amplifiers, an input signal (consisting of a 
voltage or current having a definite waveform) produces a corresponding 
output signal with the same waveform, but in amplified form. Thus, an 
amplifier is a circuit that develops a voltage or current (or power) having an 
amplitude greater than the control factor (or input). 


1-1. CLASSIFYING AMPLIFIERS 


There are many ways in which amplifiers are classified. One 
method is to classify amplifiers as to basic circuit connections. Depending 
upon the circuit configuration, there are three basic classifications: common 
emitter, common base, and common collector. Note that the word grounded 
can be substituted for common in describing the three amplifier circuit con- 
figurations. 

Amplifiers can also be classified in terms of operating point (or bias that 
establishes the operating point). There are four such operating-point classifi- 
cations: class A, class B, class AB, and class C. 

Another method of amplifier classification is based on the function they 
are to serve; under this system we have voltage amplifiers and power amplifiers. 

Sometimes amplifiers are grouped according to frequency of operation: 
AF (audio frequency), RF (radio frequency), and IF (intermediate frequency). 
The frequency system is further broken down into narrowband (where 
amplification is limited to a specific frequency or narrow range of frequen- 
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cies), wideband (where a wide range of frequencies is amplified at about the 
same level, tuned (where amplification is limited to a specific frequency, or to 
a narrow range, by tuning controls), and untuned (where the frequency range 
is set by nonadjustable component values). 

Amplifiers can also be classified by the type of signals they amplify. For 
example, there are ac (alternating current), dc (direct current), and pulse 
amplifiers. From a practical standpoint, a dc amplifier will also amplify ac 
signals. (However, the reverse is not true.) Likewise, many ac and dc ampli- 
fiers will pass pulse or squarewave signals without difficulty. 

In addition to the various classifications, amplifiers can be assigned some 
specific title that is descriptive of the function or circuit configuration. The 
most important of these are DC (direct-coupled) amplifier, differential 
amplifier, and operational amplifier (op-amp). Note that the term “DC 
amplifier” can mean either direct-coupled amplifier or direct-current ampli- 
fier. This confusion arises from the fact that all direct-current amplifiers must 
be direct coupled. (That is, there must be no capacitors between amplifier 
stages.) However, note that direct-coupled amplifiers are not limited to 
direct-current amplification. In general, direct-coupled amplifiers will operate 
with alternating current and pulse signals, as well as direct current. 


1-2. THE BASIC AMPLIFIER 


Before going into the various amplifier classifications and types, 
let us review how transistors amplify signals. Figure 1-1 shows a PNP tran- 
sistor connected in a basic common-emitter circuit. The base-emitter circuit 
is forward biased, whereas the base-collector circuit is reverse biased. An 
input signal is applied across resistor R,; the output is taken from across 
resistor R,. 

Under no-signal (quiescent) conditions, current flows in the input circuit, 
causing a steady value of current to flow in the output circuit. When one 
alternation of an input signal is applied, as shown in Fig. I-la, a voltage is 
developed across input resistor R,. This voltage, positive at the base end of 
R,, subtracts from the bias voltage provided by B,, causing the base-to- 
emitter voltage, V,,, to become less negative. 

Assume that the B, battery voltage is 3 V and the signal voltage at its peak 
is 0.5 V. Since the signal voltage drop opposes the B, battery voltage, the net 
voltage between the base and emitter will decrease to 2.5 V from the original 
3 V. The input current will also decrease, and there will be less current 
carriers (holes, in this case) available to the collector. Less current will flow 
through the output resistor R,, and the voltage drop across R, will decrease. 

The voltage from the collector to emitter will increase, the collector 
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Fig. 1-1 Operation of transistors in amplifier circuits 


becoming more negative than it was during the no-signal condition. As the 
signal voltage increases in a positive direction, the output voltage (taken 
from collector to ground) increases in a negative direction. This action illus- 
trates signal-phase reversal, a characteristic of the common-emitter stage. 
Amplification occurs because the collector current is many times greater 
than the base-emitter current. 

When the next alternation of the input signal is applied (Fig. 1-1b), the 
voltage is again developed across R,. However, this voltage is negative at the 
base. The voltage drop adds to the B, battery voltage, so that the net voltage 
between base and emitter will increase to 3.5 V from the original 3 V. The 
input current will increase, and there will be more current carriers (holes) 
available to the collector. More current flows through R,, and the voltage 
drop across R, increases. This increase will still be out of phase with the input, 
and is amplified by the same amount as the previous alternation. 

The total voltage V,, is a combination of the input signal and B,; the total 
voltage V., is a combination of output signal and B,. In practical circuits, 
the input is measured from base to ground, with the output measured from 
collector to ground. 

If an NPN transistor is placed in the same circuit, operation will be iden- 
tical, except that polarities of the voltages are reversed. 
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1-3. RULES FOR LABELING, BIASING, AND POLARITIES 
IN TRANSISTORS 


Before starting the discussion of two-junction or bipolar 
transistors, it may be well to review some of the basic principles of transistors. 
The following general rules can be helpful in a practical analysis of how 
transistor amplifiers operate. The rules apply primarily to a class A amplifier, 
but also remain true for many other transistor amplifier circuits. 

In PNP transistors, holes flow from the emitter to the collector. Thus, the 
collector must be negative relative to the emitter. In the external circuit, 
electrons flow from emitter to collector. 

In the NPN transistor, electrons flow from the emitter to the collector. 
Hence, the collector must be positive relative to the emitter. In the external 
circuit, aided by the bias voltage, electrons flow from the collector to emitter. 

The middle letter in PNP or NPN always applies to the base. 

The first two letters in PNP or NPN refer to the relative bias polarities of 
the emitter with respect to either the base or collector. 

For example, the letters PN (in PNP) indicate that the emitter is positive 
with respect to both the base and collector. The letters NP (in NPN) indicate 
that the emitter is negative with respect to both the base and collector. 

The dc electron current flow is always against the direction of the arrow 
in the emitter. 

If electron flow is into the emitter, electron flow will be out from the 
collector. 

If electron flow is out from the emitter, electron flow will be into the 
collector. 

The collector—base junction is always reverse biased. 

The emitter—base junction is generally forward biased. 

A. base-input voltage that opposes or decreases the forward bias also 
decreases the emitter and collector currents. For example, a negative input 
to the base of an NPN, or a positive input to a PNP base, decreases both 
currents. 

A base-input voltage that aids or increases the forward bias also increases 
the emitter and collector currents (positive to NPN, negative to PNP). 


1-4. COMMON-EMITTER AMPLIFIER 


The common-emitter circuit shown in Fig. 1-2 is the most 
widely used amplifier configuration. Figure 1-2 shows the power-supply 
connections for both NPN and PNP transistors. In this configuration the 
emitter is common to both the input and output circuits. Although the 
emitter is frequently called the grounded element, the emitter is not neces- 
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NPN 


Cy 


Input Output 


Typical Characteristics 


Input resistance 500 - 1500 (2 
Output resistance 30 - 50 kQQ 
Voltage gain 300 - 1000 
Current gain 20 - 50 

Power gain 25 - 40 dB 


Fig. 1-2 Basic common-emitter amplifier stage 


sarily connected to ground. Battery B, forward biases the emitter—base 
junction. Battery B, reverse biases the collector—base junction. In practice, 
the voltage of B, is generally larger than that of B,. 

The input signal is applied between the base and emitter, and the output 
signal appears between emitter and collector. This provides a very low input 
impedance, and a very high output impedance. However, the output signal 
is out of phase with the input. 

Common-emitter circuits are the most often used since there is current 
gain and voltage gain, thus resulting in a large power gain. For example, if 
the output impedance is 10 times higher than the input impedance, there will 
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be a power gain of 10, even if the base-emitter (input) and emitter—collector 
(output) currents are equal (no current gain). Since it is possible to control 
a large output current with a small input current in a practical common- 
emitter circuit, there is also current gain. 

Capacitor C, is used to block out any dc components in the input signal. 
The input signal voltage is developed across resistor R,, which also serves to 
provide a closed circuit for current flow in the emitter—base circuit. This is 
essential in any transistor amplifier since a transistor is a current-operated 
device. 

The flow of collector current produces a voltage drop, with the indicated 
polarity, across R,. The ac component of this voltage is the output signal of 
the amplifier. Capacitor C, is the coupling capacitor, which blocks out the 
steady dc component and passes the ac component. 

The phase relationship between the input and output signals is shown by 
the sinewaves appearing in Fig. 1-2. If the input voltage increases the for- 
ward bias of the base-emitter junction, the total emitter current is increased, 
producing an increase in the collector current in like degree. This increase in 
collector current, in turn, produces a larger drop across R,. | 

In the NPN amplifier (Fig. 1-2a) the input voltage must be positive if it is 
to aid the forward bias of the emitter—base junction. The larger voltage drop 
makes the top of R, more negative with respect to its bottom. Thus, as the 
input voltage goes up, the output voltage goes down. 

To decrease the forward bias of the emitter—base junction, the input 
voltage must become negative. Thus, the total emitter current is decreased, 
producing a corresponding decrease in the collector current and voltage 
drop across R,. As a result, the top of R, becomes less negative with respect 
to the bottom, and the output voltage becomes less negative. Thus, as the 
input voltage goes down, the output voltage goes up. 

In the PNP amplifier (Fig. 1-2b) a similar action takes place, but with 
reversed polarities. A negative input voltage that increases the forward bias 
of the emitter-base junction causes the output voltage to become more 
positive. As a positive input voltage decreases the forward bias of the emitter— 
base junction, the output voltage becomes less positive. 

Thus, in all cases where the common-emitter amplifier configuration is 
used, as the input voltage rises, the output voltage falls, and vice versa. Hence, 
there is a phase reversal between input and output signals (that is, input and 
output signals are 180° out of phase). 

In a practical amplifier, both junctions are biased from a single power 
supply (or battery). There are several ways of supplying the bias, as is 
discussed in Sec. 1-7. A typical method of supplying bias to a common- 
emitter amplifier stage from a single supply is shown in Fig. 1-3. The circuit 
is acommon-emitter amplifier using an NPN transistor. Battery V., furnishes 
the bias for both junctions. 
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Fig. 1-3. Practical common-emitter amplifier operated from a single 
power supply 


Since the emitter—base junction must be forward biased and the collector— 
base junction reverse biased, in the NPN transistor this means that the base 
must be negative relative to the collector, and positive relative to the emitter. 
Thus, the collector is at the most positive potential of the circuit and the 
emitter is at the most negative potential. 

Note that when we say that the base must be less positive than the collector, 
and more positive than the emitter, we are talking in relative terms. For 
example, if the base voltage is +2 V and the emitter voltage is +1.5 V, the 
emitter is more negative than the base, even though both voltages are posi- 
tive. Similarly, the emitter is more negative than the base if the emitter 
voltage is —2 V and the base voltage is —1.5 V. 

Since the collector is connected to the positive terminal of battery Voc, 
it is at the most positive potential. Similarly, since the emitter is connected 
to the negative terminal of V;,,, it is at the most negative potential. Resistors 
R, and R, form a voltage divider across V.,. The flow of current through this 
divider produces a voltage drop across R, with the indicated polarity. Note 
that this voltage opposes that of V.~. Hence, the voltage applied to the base 
is less positive than the collector voltage, although more positive than the 
emitter voltage. 

If a PNP transistor is used, the action is the same except that the polarities 
of all voltages and the direction of current flow are reversed. 

Because the emitter—base junction in the common-emitter configuration is 
forward biased, the input resistance of this circuit is low. Because the collec- 
tor—base junction is reverse biased, the output resistance is high. Typically, 
the input resistance of the common-emitter amplifier stage is between 500 
and 1500 Q, and the output resistance is between 30 and 50 kQ. However, 
as is discussed in later sections, it is possible to set input and output resis- 
tances of an amplifier stage by proper selection of resistors (typically, R, 
and R, of Fig. 1-3). 
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Typically, the current gain, voltage gain, and power gain of common- 
emitter amplifiers are 25 to 50, 300 to 1000, and 25 to 40 dB, respectively. 

To summarize the common-emitter amplifier, the input signal is applied 
between the base and emitter, and the output signal appears between emitter 
and collector. This provides a moderately low input impedance and a very 
high output impedance. However, the output signal is out of phase with the 
input. The common-emitter amplifier produces the highest power gain of all 
three configurations. Its voltage and current gains are fairly high. Common- 
emitter circuits are the most often used since there is current gain, voltage 
gain, resistance gain, and power gain. 


1-4.1. Gain in Amplifiers 


Many terms are used to express the gain of common-emitter 
amplifiers, as well as other amplifier configurations. For example, there are 
the terms a/pha and beta, in addition to current gain, voltage gain, resistance 
(or impedance) gain, power gain, voltage amplifier, and power amplifier. The 
terms are interrelated, and are often interchanged (properly and improperly) 
by technicians and engineers. To minimize this confusion, the following is a 
summary of how these terms are used throughout this handbook. 

Alpha and beta are applied to transistors connected in the common-base 
and common-emitter configurations, respectively. Both terms are a measure 
of the current gain of the transistor. Alpha is always less than | (typically 0.9 
to 0.99). Beta is more than | and can be as high as several hundred (or more). 
The relationships between alpha and beta are 


beta alpha 
a beta + 1’ a ARE — | 

The terms alpha and beta do not necessarily represent the current gain of 
the stage in which the transistors are used. Instead, the current gain of the 
stage cannot be greater than the alpha or beta of the transistor. 

Current gain can be applied to the transistor or stage, and is a measure of 
change in current at the output for a given change in current at the input. 
Current gain is equal to the change in output current divided by change in 
input current. For example, when a Il-mA change in input current produces 
a 10-mA change in output current, the current gain is 10. Since alpha (com- 
mon base) is always less than 1, there is no current gain in common-base 
amplifier circuits. (Instead, there is a slight loss.) 

Resistance gain is simply the ratio of output resistance (or impedance) 
divided by input resistance (or impedance). For example, if the input resis- 
tance is 1 kQ and the output resistance is 15 kQ, the resistance gain is 15. 
The input and output resistances (or impedances) are dependent upon circuit 
values, as well as transistor characteristics. As discussed throughout this 
handbook, many amplifier characteristics are directly dependent upon the 


Sec. 1-5 Common-Base Amplifier 9 


relationship between transistor characteristics and values of circuit com- 
ponents. 

Resistance gain, by itself, produces no usable gain for the amplifier stage. 
However, the resistance gain has a direct effect on the stage voltage and 
power gain. For example, using the previous values (current gain of 10, 
resistance gain of 15), it is possible to have a voltage gain of 150. Assume 
that the input resistance is | kQ, and a I-mV signal is applied at the input. 
This results in an input current change of | wA. With a current gain of 10, 
the output current is 10 wA. This 10-wA current passes through a 15-kQ 
output resistance to produce a voltage change of 150 mV. Thus, the I-mV 
input signal produces a 150-mV output signal (a voltage gain of 150). 

Voltage gain is generally applied to the stage, and 1s equal to the difference 
in output voltage divided by a difference in input voltage. 

Power gain is also generally applied to the stage, and is equal to the dif- 
ference in output power divided by the difference in input power. 

Except in a common-base amplifier, power gain is always higher than 
voltage gain, since power is based on the square of voltage (power = E?/R), 
as well as the square of current (J?R). Using the same values, the input power 
of the stage is | x 107°, the output power is 1.5 x 107°, and the power gain 
is 1500. 

As in the case of current gain, both voltage gain and power gain are 
dependent on transistor characteristics and circuit values. 

The function of a voltage amplifier is to receive an input signal consisting 
of a small voltage of definite waveform and produce an output signal con- 
sisting of a voltage with the same waveform, but much larger in amplitude. 
For example, as a radio wave cuts across the antenna of a radio receiver, 
the wave induces in that antenna a fluctuating voltage, usually on the order 
of microvolts. The voltage amplifier of the receiver amplifies this voltage to 
produce a similarly fluctuating voltage that is large enough to operate a 
power amplifier, which, in turn, operates the power-consuming loudspeaker. 

Those transistors designed for voltage amplification usually have high 
betas with little current-carrying capability. On the other hand, power 
amplifier transistors have large current-carrying capacity, but relatively low 
betas. Typically, there is at least one (and usually two) voltage-amplifier 
stage ahead of the power-amplifier stage. This permits a low voltage input 
signal (say from an antenna, tape head, or industrial transducer) to operate 
a power-consuming device (radio or stereo loudspeaker, or industrial servo 
motor). If the power involved exceeds about | W, the transistor must be 
operated with heat sinks. 


1-5. COMMON-BASE AMPLIFIER 


The common-base circuit is shown in Fig. 1-4, where the 
power-supply connections for both NPN and PNP transistors are illustrated. 
In this configuration, the base is common to both the input and output cir- 
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cuits. Although the base is frequently called the grounded element, the base 
is not necessarily connected to ground. Battery B, forward biases the emitter— 
base junction. Battery B, reverse biases the collector—base junction. In a 
practical circuit, the voltage of B, is generally larger than that of B,. 

The input signal is applied between the base and emitter, and the output 
signal appears between the base and collector. This provides the lowest 
possible input impedance and a very high output impedance. The output 
signal is in phase with the input. 

Capacitor C, is used to block out any dc components in the input signal. 
The input signal voltage is developed across resistor R,, which also serves to 


C; NPN C; 


C. PNP G. 


(b) 


Typical Characteristics 


Input resistance 30- 150 22 
Output resistance 300 - 500 k{2 
Voltage gain 500 - 1500 
Current gain less than 1 

Power gain 20 - 30 dB 


Fig. 1-4 Basic common-base amplifier stage 
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provide a closed circuit for current flow in the emitter—base circuit. The 
flow of collector current produces a voltage drop, with the indicated polarity, 
across R,. The ac component of this voltage is the output signal of the ampli- 
fier. Capacitor C, is the coupling capacitor, which blocks out the steady dc 
component and passes the ac component. 

The phase relationship between the input and output signals is shown by 
the sinewaves appearing in Fig. |-4. In the NPN amplifier (Fig. |-4a), as a 
negative input voltage increases the forward bias of the emitter—base junc- 
tion, the emitter and collector currents are increased, producing a corre- 
sponding increase in the voltage drop across R,. This larger voltage drop 
makes the top of R, more negative with respect to its bottom. Thus, as the 
input signal goes negative, so does the output signal. 

As the input signal goes positive, the forward bias for the emitter—base 
junction is reduced, resulting in a decrease of collector current and the voltage 
drop across R,. The top of R, becomes less negative and so does the output 
signal. Thus, as the input signal goes positive, so does the output signal. 

In the PNP amplifier (Fig. 1-4b), a similar action takes place, although 
with reversed polarities. Thus, where the common-base configuration is 
used, the input and output signals are in phase. 

In a practical amplifier, both junctions are biased from a single power 
supply (or battery). There are several ways of supplying the bias, as is dis- 
cussed in Sec. 1-7. A typical method of supplying bias to a common-base 
amplifier stage from a single supply is shown in Fig. 1-5. The circuit is a 
common-base amplifier using an NPN transistor. Battery V.- furnishes the 
bias for both junctions. 

The collector is connected to the positive terminal of battery V¢,, placing 
it at the most positive potential. The emitter is connected to the negative 
terminal of V.., placing it at the most negative potential. Resistors R, and 
R, form a voltage divider across V.¢. Current flows through this divider, 
causing a voltage drop across R, with the indicated polarity. Since the 
polarity of this voltage drop is opposed to the polarity of V.,, the potential 
of the base is less positive than the potential of the collector although more 
positive than the potential of the emitter. 


Fig. 1-5 Practical common- 
base amplifier operated from a 
single power supply 
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If a PNP transistor is used, the action is the same, except that the polarities 
of the battery and the voltage drop across R, are reversed. 

The forward-biased emitter—base junction produces low impedance, 
whereas the reverse-biased collector—base junction produces high impedance. 
Typically, the input resistance of the common-base amplifier stage is between 
30 and 150 Q, and the output resistance is between 300 and 500 kQ. How- 
ever, it is possible to set input and output resistance of an amplifier stage 
by proper selection of resistors (typically, R,; and R,, of Fig. 1-5). 

Typically, the current gain, voltage gain, and power gain of common- 
base amplifiers are 0.9 to 0.99, 500 to 1500, and 20 to 30 dB, respectively. 

To summarize the common-base amplifier, the input signal is applied 
between the base and emitter, and the output signal appears between base 
and collector. This provides an extremely low input impedance and a very 
high output impedance. The output signal is in phase with the input. The 
common-base amplifier produces high voltage gains and modest power 
gains, even though there is no current gain. This is possible because of the 
resistance gain, as described in Sec. 1-4.1. 

As an example, assume that the input resistance is 100 Q, the output 
resistance is 15 kQ, the current gain is 0.9 (less than 1), and the input signal 
is 1mV. With 1 mV across 100 Q, there is a 10-wA current change. With 
a current “gain” of 0.9, the output current is 9 wA. This 9-wA current passes 
through a 15-kQ output resistance to produce a voltage change of 135 mV. 
Thus, a l-mV input signal produces a 135-mV output signal (a voltage gain 
of 135). 


1-6. COMMON-COLLECTOR AMPLIFIER 


The common-collector circuit is shown in Fig. 1-6, where the 
power-supply connections for both NPN and PNP transistors are illustrated. 
The common-collector circuit is also known as an emitter-follower circuit, 
since the output is taken from the emitter resistance, and the output follows 
the input (in phase relationship). 

Battery B, forward biases the emitter—base junction. Battery B, reverse 
biases the collector—base junction. The input signal is applied at the base, 
and the output signal appears at the emitter. This provides a high input 
impedance and a very low output impedance. The output signal 1s in phase 
with the input. 

Capacitor C, is used to block out any dc components in the input signal. 
The input signal voltage is developed across resistor R,. The flow of emitter 
current produces a voltage drop, with the indicated polarity, across R,. The 
ac component of this voltage is the output signal of the amplifier. Capacitor 
C, is the coupling capacitor, which blocks out the steady dc component and 
passes the ac component. 

The phase relationship between the input and output signals is shown by 
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Output 


Output 


(b) 


Typical characteristics 


Input resistance 20 - 500 kQ2 
Output resistance 50 - 1000 £2 
Voltage gain less than 1 
Current gain 25 - 50 

Power gain 10 - 20 dB 


Fig. 1-6 Basic common-collector (emitter-follower) amplifier stage 


the sinewaves appearing in Fig. 1-6. If the input voltage increases the forward 
bias of the emitter—base junction, the total emitter current is increased. This 
increased emitter current produces an increased voltage drop across R,. 
In the NPN amplifier (Fig. 1-6a) this larger voltage drop makes the top of 
R, more positive with respect to its bottom. Thus, the output voltage be- 
comes more positive. 

If the input voltage decreases the forward bias of the emitter—base junction, 
the total emitter current is decreased, producing a corresponding decrease 
in the voltage drop across R,. As a result, in the NPN amplifier this means 
that the top of R, becomes less positive with respect to its bottom, and the 
output voltage becomes less positive. 

In the PNP amplifier (Fig. 1-6b) a similar action takes place, but with 
reversed polarities. Thus, where the common-collector configuratio” is used, 
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as the input voltage rises, so does the output voltage. As the input voltage 
falls, the output voltage falls in like degree. Thus, the input and output 
signals are in phase. 

In a practical amplifier both junctions are biased from a single power 
supply (or battery). There are several ways of supplying the bias. A typical 
method of supplying bias to a common-collector amplifier stage from a 
single supply is shown in Fig. 1-7. The circuit is a common-collector NPN 
transistor. The battery V.. makes the collector positive relative to the base, 
thus reverse biasing the collector—base junction. Resistors R, and R, forma 
voltage divider across V.-, which forward biases the emitter—base junction. 
Where a PNP transistor is used, the polarity of the battery is reversed, but 
the action is the same as before. 

Typically, the input resistance of the common-collector amplifier stage is 
between 20 and 500 kQ, and the output resistance is between 50 and 1000Q. 
However, it is possible to set input and output resistances of an amplifier 
stage by proper selection of resistors (typically, R, and R, of Fig. 1-7). 


+Voc 


Fig.1-7 Practicalcommon-col- 
lector (emitter-follower) ampli- 
fier operated from a single power 
supply 


Typically, the current gain, voltage gain, and power gain of common- 
collector amplifiers are 25 to 50, less than 1, and 10 to 20 dB, respectively. 

To summarize the common-collector amplifier, the input signal is applied 
to the base, and the output signal appears at the emitter. This provides 
extremely high input impedance and low output impedance. The output 
signal is in phase with the input. The common-collector amplifier produces 
modest current and power gains, even though there is no voltage gain. In 
general, the common-collector circuit current gain (and hence the power 
gain) is limited by the current gain (beta) of the transistor. 


1-7. AMPLIFIER BIAS NETWORKS 


All solid-state amplifiers require some form of bias. As a 
minimum, the collector—base junction of any solid-state amplifier must be 


Sec. 1-7 Amplifier Bias Networks 15 


reverse biased. That is, current should not flow between collector and base. 
Any collector—base current that does flow is a result of leakage or break- 
down. Breakdown must be avoided by proper design. Leakage, usually 
listed as J.,59, 1s an undesirable (but almost always present) condition that 
must be reckoned with in practical use. (The C and B of the subscript indi- 
cate that the current flows between the collector and base. The O indicates 
that it is measured with the emitter disconnected, or open.) 

Under no-signal conditions, the emitter—base circuit of a solid-state ampli- 
fier can be forward biased, reverse biased, or zero biased (no bias). However, 
emitter—base current must flow under some condition of operation. For 
example, some current flows all the time in class A and class AB amplifiers. 
In class B and C amplifiers, current flows only in the presence of an operating 
signal. With any class of operation, the emitter—base circuit must be biased 
so that current can flow under some conditions. (Classes of amplifiers are 
discussed in Sec. 1-8.) 

The desired bias is accomplished by applying voltages to the corresponding 
transistor elements through bias networks, usually composed of resistors. 
The following paragraphs describe several basic bias networks. These circuits 
(or variations of them) represent most of the bias methods used in solid-state 
amplifiers. 

The bias networks (or the resistors used to form them) serve more than one 
purpose. Typically, the bias network resistors (1) set the operating point, 
(2) stabilize the circuit at the operating point, and (3) set the approximate 
input-output impedances of the circuit. 

The basic purpose of the bias network is to establish collector—base— 
emitter voltage and current relationships at the operating point of the circuit. 
(The operating point is also known as the quiescent point, Q point, no-signal 
point, idle point, or static point.) Since transistors rarely operate at this Q 
point, the basic bias networks are generally used as a reference or starting 
point for design. The actual circuit configuration and (especially) the bias 
network values are generally selected on the basis of dynamic circuit con- 
ditions (desired output voltage swing, expected input signal level, etc.). 

Once the desired operating point is established, the next function of the 
bias network is to stabilize the amplifier circuit at this point. Although there 
are many bias networks, each with its own advantages and disadvantages, 
one major factor must be considered for any network. The basic bias network 
must maintain the desired current relationships in the presence of temperature 
and power-supply changes, and possible transistor replacement. In some 
cases, frequency changes and changes caused by component aging must also 
be offset by the bias network. This process is generally referred to as bias 
stabilization. 

Two undesirable conditions can result when adequate bias stabilization 1s 
not provided. First, any changes in temperature, power-supply voltage, and, 
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possibly, frequency produce changes in collector-emitter and/or base- 
emitter current. For example, an increase in temperature or power-supply 
voltage will increase currents. In turn, this will shift the operating point of the 
amplifier circuit. As is discussed in later paragraphs, a shift in operating point 
can produce distortion and a change in frequency response, as well as other 
undesired effects. In any event, the amplifier circuit is no longer at the opti- 
mum operating point for which it is designed. 

The other undesirable effect of inadequate bias stabilization has to do with 
power dissipation limits of the transistor. When a transistor is operated at or 
near its maximum power dissipation limits, the transistor is subject to ther- 
mal runaway. When current passes through a transistor junction, heat is 
generated. If not all of this heat is dissipated by the case or heat sink (often 
an impossibility), the junction temperature rises. This, in turn, causes more 
current to flow through the junction, even though the voltage, circuit values, 
and so on, remain the same. In turn, this causes the junction temperature 
to increase even further, with a corresponding increase in current flow. If 
the heat is not dissipated by some means, the transistor will burn out and be 
destroyed. 

Adequate bias stabilization will prevent any drastic change in junction 
currents, despite changes in temperature, voltage, and so on. Thus, proper 
bias stabilization will maintain the amplifier circuit at the desired operating 
point (within practical limits), and will prevent thermal runaway. 

The resistors used in bias networks also have the function of setting the 
input and output impedances of the amplifier circuit. From a theoretical 
standpoint, the input-output impedances of a circuit are set by a wide range 
of factors (transistor beta, transistor input-output capacitance, etc.). How- 
ever, for practical purposes the input-output impedances of a resistance- 
coupled amplifier (operating at frequencies up to about 100 kHz) are set by 
the bias network resistors. For example, the output impedance of a common- 
base or common-emitter amplifier is approximately equal to the collector 
resistor (between the collector and power supply). 


1-7.1. Bias-Stabilization Techniques 


There are several methods for providing bias stabilization of 
solid-state amplifiers. All these methods involve a form of negative feedback 
or inverse feedback. That is, any change in transistor currents produces a 
corresponding voltage or current change that fends to offset the initial change. 
There are two basic methods for producing inverse or negative feedback: 
inverse-voltage feedback and inverse-current feedback (also known as emitter 
feedback). 

Inverse-voltage feedback. Figure 1-8 illustrates a typical inverse-voltage 
bias network. The emitter—base junction is forward biased by the voltage at 
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Fig. 1-8 Typical bias network 
with inverse-voltage feedback 


the junction of R, and R,. The base-collector junction is reverse biased by 
the differential between voltages at the collector and base. Generally, the 
collector of a resistance-coupled amplifier is at a voltage about one half that 
of the supply. For example, if the supply Vc¢_ is 20 V, the collector is set at 
about 10 V (at the Q point). This allows for the maximum output voltage 
swing. The base is at a voltage about 0.5 to | V greater than the emitter. 
Since the emitter is grounded in the circuit of Fig. 1-8, the base is set to about 
0.5 to 1 V by R, and Rj. 

Resistor R, is connected between the collector and base. Since the collector 
voltage is positive (for an NPN transistor), a portion of this voltage is fed 
back to the base to aid the forward bias. The normal (or Q point) forward 
bias on the emitter—base junction is the result of all the voltages between the 
emitter and base. 

Should the collector current increase (due to a temperature rise, power- 
supply increase, change in frequency, or any other cause), a larger voltage 
drop is produced across R,. As a result, the voltage on the collector decreases, 
reducing the voltage fed back to the base through R;. This reduces the emitter— 
base forward bias, reducing the emitter current and lowering the collector 
current to its normal value. Should there be an initial increase in collector 
current (for any reason), an opposite action takes place, and the collector cur- 
rent is raised to its normal (Q point) value. 

Note that any form of negative or inverse feedback in an amplifier tends to 
oppose all changes, even those produced by the signal being amplified. Thus, 
inverse or negative feedback tends to reduce and stabilize gain, as well as 
undesired change. This principle of stabilizing gain by means of feedback 
is used in virtually all types of amplifiers, as is discussed throughout remain- 
ing chapters. 

Inverse-current feedback (emitter feedback). Current feedback is more 
commonly used than voltage feedback in solid-state amplifiers. This is because 
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transistors are primarily current-operated devices, rather than voltage- 
operated devices. 

Figure 1-9 shows a typical inverse-current (emitter-feedback) bias network 
using an NPN transistor. Other bias networks using the same principle are 
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Fig. 1-9 Typical bias network 
3 with inverse-current feedback 
(emitter-feedback) 


discussed in the following sections. However, the use of an emitter-feedback 
resistance in any bias circuit can be summed up as follows: 

Base current (and, consequently, collector current) depends upon the 
differential in voltage between base and emitter. If the differential voltage is 
lowered, less base current (and, consequently, less collector current) will 
flow. The opposite is true when the differential is increased. All current 
flowing through the collector (ignoring collector—base leakage, J¢s9) also 
flows through the emitter resistor. The voltage drop across the emitter 
resistor is therefore dependent (in part) on the collector current. 

Should the collector current increase (for any reason), emitter current, 
and the voltage drop across the emitter resistor, will also increase. This 
negative feedback tends to decrease the differential between base and emitter, 
thus lowering the base current. In turn, the lower base current tends to 
decrease the collector current, and offset the initial collector-current increase. 


71-7.2. Some Representative Amplifier Bias Networks 


Figures 1-10 through 1-16 illustrate typical bias schemes used 
in solid-state amplifiers. All the bias networks use inverse-current feedback 
(emitter feedback) of some form. Note that the bias network resistors in 
addition to providing the required voltage relationships for emitter, base, 
and collector also set the approximate input and output impedances of the 
amplifier circuit, as shown by the equations on the illustrations. Likewise, 
the approximate voltage and current gains are set by resistance ratios in many 
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of the circuits. The equations on the illustrations hold true for operation up 
to about 100 kHz (and higher in many instances). As operating frequencies 
increase beyond about 100 kHz, other factors enter into gain and impedance 
relationships. These factors are discussed is later chapters. 

In the circuit of Fig. 1-10, the value of R, is selected to provide a given base 
current at the Q point. For an NPN silicon transistor, it can be assumed that 
the base voltage will be 0.5 to 1 V more positive than the emitter. (The base 
of PNP silicon transistors will be 0.5 to 1 V more negative than the emitter.) 
If germanium transistors are used, the voltage difference will be about 0.2 
to-0.5 V. The emitter voltage is dependent upon the drop across R;. As 
“shown by the equations, the value of R,; is dependent upon a tradeoff 
between stability and gain. An increase in the value of R,, in relation to R,, 
increases stability but decreases gain. Typically, the value of R, is less than 
1 kQ, and is generally not greater than 0.2 times R,. An R, that is 0.1 times 
R, can be considered as typical. 

The output impedance is approximately equal to R,, whereas the input 
impedance is approximately equal to R, times beta of the transistor. Since 
input impedance is dependent upon transistor beta, the input impedance is 
subject to wide variation from transistor to transistor, and with changes in 
frequency. Generally, this is considered as a disadvantage. 

The circuit voltage gain is approximately equal to the ratio of R,/R, times 
beta, whereas the current gain is approximately equal to beta. Again, this 
produces wide variation in gain. The circuit of Fig. I-10 offers the greatest 
possible voltage gain, but the least stability, of all the basic bias circuits 
described here. 
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Out 


=R, 
Z,, = Re x beta 
current gain ~ beta 


voltage gain + AR, /Re x beta 
collector voltage ~ 3 Vo¢ 


Fig. 1-10 Bias network with R, > Re 
maximum gain and minimum E 
stability R, = 10R_ 
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In the circuit of Fig. 1-11, the values and characteristics are essentially the 
same as for the circuit of Fig. 1-10. However, the stability of the Fig. 1-11 
circuit is increased. The increase in stability is brought about by connecting 
base resistance R, to the collector, rather than to the power supply. If collec- 
tor current increases for any reason, the drop across R, also increases, 
lowering the voltage at the collector. This lowers the base voltage and 
current, thus reducing the collector current. The feedback effect is combined 
with that produced by the emitter resistor R, to offset any variation in 
collector current. However, because of the increased stability produced by 
the feedback, gain for the Fig. 1-11 circuit is slightly less than for the Fig. 
1-10 circuit. 


+Voc 


Out 


Zour re Ry, 
Zi, ~Re x beta 


ial 
current gain ~ beta 
voltage gain A, /R,- x beta 
collector voltage ~ 5 Vog 


Fig. 1-11 Bias network with 
Ry, > oRe maximum gain and improved 
R, ~ 10R, stability 


In the circuit of Fig. 1-12, the output impedance is approximately equal to 
R,, whereas the input impedance is approximately equal to R,. In theory, 
the input impedance is equal to R, in parallel with R, times (beta + 1). 
However, unless beta is very low, the R, times (beta + 1) factor will be much 
greater than R,. Thus, the value of R, (or slightly less) can be considered as 
the stage or circuit input impedance. 

Since the input impedance is approximately equal to R,, and the output 
impedance is equal to R,, the approximate current gain of the stage is equal 
to the ratio of R,/R,. Of course, this assumes that the transistor beta is 
greater than the R,/R, ratio. For example, if the transistor beta is 20, the 
R,/R, ratio must be somewhat less than 20. The voltage gain of the Fig. 
1-12 circuit is approximately equal to the ratio R,/R,. 

The circuit of Fig. 1-12 offers more stability than the other bias networks, 
but with a tradeoff of lower gain and lower input impedance. 
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Zour™ A, 

Zin ee Re 

current gain ~ Ag/Re 
voltage gain ~ A, /Ae 
collector voltage ~ 4 Vo¢ 


(S) stabili fe 
stability ~ >- 
y Re 


S =~ 20 for max. gain 
S = 10 for stability 
S = 5 for power gain 


Fig. 1-12 Bias network with improved stability. Circuit characteristics 
are dependent upon circuit values 


The value of R, is determined by the desired collector voltage and current, 
or by an arbitrary need for a given output impedance. The value of R, is 
dependent upon a tradeoff between stability and gain. An increase in the 
value of R,, in relation to R,, increases stability and decreases voltage gain. 
An increase in the value of R,, in relation to R,, increases stability and de- 
creases current gain. The value of R, is typically less than 1 kQ, and should 
not be greater than 0.2 times R,. An R, that is 0.1 times R, can be con- 
sidered as typical. 

The value of R, is dependent upon tradeoffs between the value of R,, 
current gain, stability, and the desired input impedance. As a basic rule, 
R, is about 10 times R,. A higher value of R, will increase current gain and 
decrease stability. Input impedance of the circuit will be approximately 
equal to R, (actually slightly less). Therefore, if the input impedance is of 
special importance in the circuit, the value of R, is often selected on that 
basis. This may require a specific value of R, to maintain stability and 
current gain relationships. Of course, any change in R, results in a change of 
the voltage gain (assuming that R, remains the same). The value of R, is 
selected to provide a given base voltage at the Q point. 

In addition to stability, the major advantage of the Fig. 1-12 circuit is that 
the input and output impedances, as well as voltage and current gain, are 
not dependent upon transistor beta. Instead, circuit characteristics are 
dependent upon circuit values. 

In the circuit of Fig. 1-13 the basic characteristics are the same as for the 
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Zin 
u 
current gain + R,/R, 

Fig. 1-13 Bias network with 
diode for improved temperature 


stability 


voltage gain + R, /R- 


~ 1 
collector voltage ~ 5 Voc 


Fig. 1-12 circuit, except that temperature stability is increased. The increase 
in temperature stability is brought about by connecting diode D between 
the base and R,. Diode D (always forward biased) is of the same material 
(silicon or germanium) as the base-emitter junction, and is maintained at 
the same temperature. In practice, diode D is mounted near the transistor so 
that the base-emitter junction and diode D are at the same temperature. 
Thus, the voltage drops across diode D and the base-emitter junction are 
the same, and remain the same with changes in temperature. 

For example, should temperature rise, the emitter and collector currents 
of the transistor also tend to rise. The same temperature rise causes the 
forward resistance of diode D to decrease. As a result, the current flowing 
through R, increases, causing an increase in the voltage drop across Ry. 
Since this voltage drop tends to reverse bias the emitter—base junction, the 
net forward bias for that junction is reduced, and the emitter—collector 
currents are reduced to normal (or tend to reduce to normal). Should the 
temperature fall, the action is in the reverse direction, and the emitter- 
collector currents are raised toward their normal values. 

In the circuit of Fig. 1-14 the basic characteristics are the same as for the 
Fig. 1-12 circuit, except that the negative temperature coefficient (NTC) 
characteristics of a thermistor are used to provide temperature compensation. 
The resistance of a thermistor decreases with increases in temperature, and 
vice versa. For best results, the thermistor is mounted near the transistor, 
so that both devices are at the same temperature. 

In the circuit of Fig. \-14 the thermistor is used to vary the emitter voltage 
with temperature variations to minimize the effects of these variations upon 
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four © AL current gain = Ap/Re 
Zi, ~Re voltage gain > R, /Rg 


~ 1 
collector voltage ~ 5 Voc 


NTC 
thermistor 


‘ _ + Veg 


Fig. 1-14 Bias network with thermistor for improved temperature 
stabililty 


the emitter current. Resistors R, and R, form a voltage divider to apply a 
portion of the supply voltage V., in a direction to forward bias the emitter— 
base junction. Resistor R, and the thermistor form a second voltage divider 
across V,,,;. The direction of the voltage drop across R, is such as to reverse 
bias the base-emitter junction. However, since the forward bias applied to 
the base is larger than the reverse bias applied to the emitter, the net result 
is that the emitter—base junction is forward biased. 

Should the temperature rise, the emitter and collector currents tend to 
rise. The same rise in temperature reduces the resistance of the thermistor. 
This action permits more current to flow through the voltage divider. The 
increase in current flow increases the voltage drop across R,, thus increasing 
the reverse bias being applied to the emitter—base junction. As a result, the 
net forward bias of the junction is reduced, thus reducing the emitter and 
collector currents toward their normal values. Should the temperature 
decrease, the action is reversed, thus preventing a decrease in emitter and 
collector currents. 

In the circuit of Fig. 1-15 the basic characteristics are the same as for the 
Fig. 1-12 circuit. However, the circuit of Fig. 1-15 1s used in those special 
applications that require a negative and positive voltage, each with respect 
to ground, to control base current. The values for R,, R,z, and R, in Fig. 
1-15 are the same as for the Fig. 1-12 circuit. However, the value of R, in 
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Z,, ~=Rep 

current gain ~ R,/R- Fig. 1 -15 Bias network with 
positive and negative supply 
voltages for control of base cur- 


rent 


voltage gain ~ A, /Re 


~x— 1 
collector voltage ~ 3 Voc 


the Fig. 1-15 circuit is different, due to the large amount of current through 
Re 

In the circuit of Fig. 1-16 the characteristics are somewhat different than 
in all the previous bias networks. The Fig. 1-16 circuit is used in those special 
applications where it is necessary to supply collector—-emitter current from 
both a positive and negative source. Since the transistor is NPN, the collector 
is connected to the positive source through R,, while the emitter is connected 
to the negative source through R,. If both sources are approximately equal, 
there is generally no voltage gain. The collector and emitter currents are 
approximately equal (ignoring the base current). Therefore, if R, drops the 
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Zout = R, 
Zi, ~Re_ x beta 


in 


Fig. 1-16 Bias network with 
positive and negative supply for 
voltage gain ~ R, /Re x beta emitter—collector currents 


current gain ~ beta 
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positive source to half (say from 20 to 10 V), then R, would be approximately 
twice the resistance of R,. This will produce a voltage loss, all other factors 
being equal. 


1-8. AMPLIFIER CLASSIFICATIONS BASED ON 
OPERATING POINT 


As discussed, amplifiers are often classified as to operating 
point, or the amount of current flow under no-signal conditions. The follow- 
ing is a brief summary of the four basic operating-point classifications. 

Note that in all four classifications, the base-collector junction is always 
reverse biased at the operating point, as well as under all signal conditions. 
Thus, no base-collector current flows (with the possible exception of reverse 
leakage current J.,.). On the other hand, the base-emitter junction is biased 
such that base-emitter current will flow under certain conditions, and 
possibly under all conditions. When base-emitter current flows, emitter— 
collector current also flows. 


7-8.1. Class A Amplifier 


In the class A amplifier, the base-emitter bias and the input 
voltage are such that the transistor operates only over the /inear portion of 
the characteristic curve. Such a curve, representing the relationship between 
base voltage (input) and collector current (output), is shown in Fig. 1-17. 
At no point of the input signal cycle does the base become so positive or 
negative as to cause the transistor to operate at the nonlinear portion of the 
curve. The transistor collector current is never cut off, nor does the transistor 
ever reach saturation. 

The main advantage of the class A amplifier is the relative lack of distor- 
tion. The output waveform follows that of the input waveform, except in 
amplified form. However, with any class of amplifier there is some distor- 
tion, as is discussed in later sections. 

The main disadvantages of class A amplifiers are their relative inefficiency 
(low power output for a high power input dissipated by the transistor), and 
their inability to handle large signal voltage swings. Rarely is a class A ampli- 
fier over about 35 per cent efficient. Thus, if the power input to a class A 
amplifier is 1 W (generally, the maximum power dissipation capability of a 
single transistor), the output will be less than 0.3 W. The peak-to-peak 
output signal voltage swing of a class A amplifier is limited to something less 
than the total supply voltage. Since the output voltage must swing both 
positive and negative, the peak output is less than one half the supply voltage. 
For example, assume that the supply voltage is 20 V and the amplifier is 
biased so that the Q-point collector voltage is one half the supply, or 10 V. 
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Fig. 1-17 Typical class A amplifier characteristic curve 


(Such a Q point is generally typical for a class A amplifier.) Under these 
conditions, the output voltage swing cannot exceed +10 V. If distortion 
must be kept to a minimum, the output will usually be on the order of +5 V, 
so as to keep the transistor on the linear portion of the characteristic curve. 
(In most cases, the curve becomes nonlinear near the cutoff and saturation 
points.) However, this can be determined only from an actual test of the 
amplifier circuit, as described in later sections. 

The input voltage swing of a class A amplifier is limited by the output 
voltage swing capability and the voltage amplification factor. For example, 
if the output is limited to +10 V, and the voltage amplification factor is 
100, the input is limited to +0.1 V (100 mV). 

Because of these limitations, class A amplifiers are generally used as volt- 
age amplifiers, rather than power amplifiers. Typically, a class A amplifier 
stage is used ahead of a power amplifier stage. 


7-8.2. Class B Amplifier 


If the base-emitter bias is changed so that the operating point 
coincides with the transistor cutoff point, we obtain class B amplification. 
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For an NPN transistor this means making the base more negative than for 
class A operation. (For PNP transistors, class B is obtained by making the 
base more positive than for class A.) Either way, the base-emitter reverse 
bias is increased for class B operation. 

As shown in Fig. 1-18, when the input signal voltage is zero, there is no 
flow of collector current. During the positive half-cycle of the signal voltage 
(Fig. 1-18 is for an NPN transistor), the collector current rises to its peak and 
then falls back to zero in step with the variations of that half-cycle. During 
the negative half-cycle of the signal voltage, there is no collector current 
since the base-emitter reverse bias is at all times greater than the cutoff 
voltage of the transistor. Hence, collector current flows only during half the 
input signal cycle. 


Collector 
_ current 
(output) 


Operating 
point 


Collector Ee = 

current Cutoff 
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Fig. 1-18 Typical class B amplifier characteristic curve 


If a single transistor is operated as class B, there will be considerable dis- 
tortion. This is because the waveform of the resulting collector current 
resembles that of the positive half-cycle of the input signal and, consequently, 
does not resemble the complete waveform of the input. As is discussed in 
later sections, it is possible to use two transistors, one for each half-cycle 
of the input signal, and by combining the outputs of these transistors in 
push—pull to reconstruct an output whose waveform resembles the full wave- 
form of the input. 

The peak output voltage swing of a class B amplifier is slightly less than 
the supply voltage. Since the output appears only on half-cycles, it is possible 
to operate class B amplifiers at a higher current (or power) rating than class 
A, all other factors being equal. For example, if a transistor is capable of 
0.3-W dissipation (without damage) as class A, the same transistor can be 
operated at 0.6 W, class B, since the transistor is conducting collector current 
only half the time. (This is a theoretical example. In practice, there are factors 
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which limit class B power dissipation to something less than twice that of 
class A. These factors are discussed in later sections.) 

Also note that the peak output of a class B amplifier is equivalent to the 
peak-to-peak output of a class A amplifier. Thus, if two transistors are con- 
nected in push-pull and operated as class B, the output voltage can be twice 
that of class A. 

Because of these voltage and power factors, class B amplifiers are generally 
used as power amplifiers, rather than voltage amplifiers. Typically, two 
push—pull transistors are operated in class B, preceded by a single class A 
amplifier stage. The class A stage provides voltage amplification, whereas 
the class B stage produces the necessary power amplification. 


7-8.3. Class AB Amplifier 


Class B is the most efficient operating mode for audio ampli- 
fiers, since it draws the least amount of current. That is, the transistors are 
cut off at the Q point and draw collector current only in the presence of an 
input signal. Class B operation can, however, result in a form of distortion 
known as crossover distortion. The effects of crossover distortion can be seen 
by comparing the input and output waveforms on Fig. 1-19. In true class B 
operation, the transistor remains cut off at very low signal inputs (because 
transistors have very low current gain at cutoff) and turns on abruptly with 
a large signal. For example, a silicon transistor does not have appreciable 
collector current flow until the base-emitter junction is forward biased by 
about 0.5 V. Assuming that the input signal starts at 0 V, there will be little 
or no collector current flow (and thus no change in the output voltage) 
during the time that the input signal is going from 0 to 0.5 V. When the 
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input reaches 0.5 V, the collector current increases rapidly and follows the 
input signal in a linear fashion. 

Crossover distortion can be minimized by operating the stage as class AB 
(or somewhere between B and AB). That is, the transistors are forward 
biased just enough for a small amount of collector current to flow at the 
Q point. For a typical silicon transistor, the forward bias is just below 0.5 V 
for class AB. Therefore, some collector current is flowing at the lowest 
signal levels, and there is no abrupt change in current gain. Class AB is less 
efficient than class B, since more current must be used. Generally, class AB 
is only used in push-pull circuits. 


1-8.4. Class C Amplifier 


If the transistor is reverse biased considerably below the 
cutoff point, we obtain a class C amplifier. As shown in Fig. 1-20, during the 
positive half-cycle of the input signal, the signal voltage starts from zero, 
rises to the positive peak value, and falls back to zero. (Figure 1-20 is for an 
NPN transistor.) Note that a portion of the input signal causes the base- 
emitter junction to be forward biased. As a result, there is a flow of collector 
current for a portion of one half the input cycle. The negative half-cycle of 
the input signal lies well below the cutoff point of the transistor. 

Collector current flows only during that portion of the positive half-cycle 
of the input signal between the cutoff point and the peak. The resulting 
collector current is a pulse, the duration of which is considerably less than 
a half-cycle of the input signal. 

Obviously, the waveform of the output signal cannot resemble that of the 
input signal. Nor can this resemblance be restored by the push-pull method 
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Fig. 1-20 Typical class C amplifier characteristic curve 
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mentioned in the discussion of class B and AB amplifiers. For this reason, 
class C is limited to those applications where distortion is of no concern. 
Generally, class C operation is limited to use in radio-frequency (RF) 
amplifiers. 


1-9. AMPLIFIER DISTORTION 


For the purposes of this book, distortion is defined as that 
condition when the output signal of an amplifier is not identical to the wave- 
form of the input signal. A small amount of distortion is generally present 
in all amplifiers. However, amplifiers are usually designed to keep such 
distortion within acceptable limits. In some special cases, amplifiers contain 
circuits that introduce a form of distortion. However, this is generally to 
offset or compensate for distortion already present in the signal. 

There are many specific types and causes of distortion in amplifiers. These 
include crossover distortion (Sec. 1-8), intermodulation distortion, and 
harmonic distortion. However, there are three general types of distortion 
found in amplifiers: amplitude distortion, frequency distortion, and phase 
distortion. Any of these, either separately or in combination, may be present 
in an amplifier of any type. 


1-9.1. Amplitude Distortion 


Amplitude distortion arises within the transistor itself and is 
the result of operating the transistor over the nonlinear portion of its charac- 
teristic curve. The usual remedy Is to use a base-emitter bias that places the 
operating point well within the linear portion of the curve, preferably at 
the center of the linear portion. In addition, care must be taken so that the 
amplitude of the input signal is small enough that its positive and negative 
half-cycles do not drive the transistor beyond the linear portion of the curve. 
Often, the combination of low input signals and placement of the operating 
point to keep the output linear (and thus minimize distortion) means that 
gain must be sacrificed. An overdriven amplifier, used to get maximum gain, 
almost always results in some amplitude distortion. 


71-9.2. Frequency Distortion 


Frequency distortion arises from the fact that the input signal 
rarely, if ever, is a single frequency. Instead, the input signal usually contains 
components of several frequencies, making the signal waveform somewhat 
complex. 

In addition to a transistor, a solid-state amplifier circuit is composed of 
resistors, capacitors (unless the amplifier is direct coupled; refer to Chapter 
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4), and possibly inductances (coils and transformers). Capacitors and induc- 
tances have reactance. Since reactance is a function of frequency, the different 
frequencies of the signal encounter different reactances. Thus, the high and 
low frequencies of the signal can be impeded in different degrees. This pro- 
duces distortion of the signal waveform from the original. 

For example, assume that the input signal is a complex waveform com- 
posed of three frequencies; 10, 100, and 1000 Hz, all of the same amplitude. 
The reactance of coupling capacitors between stages will be different for 
each of the three frequencies. Capacitive reactance increases with a decrease 
in frequency. Thus, the 10-Hz signal will be attenuated more than the 100-Hz 
signal, and much more than the 1000-Hz signal. Even though the transistor 
amplifies all three frequencies equally, they will no longer be of equal ampli- 
tude at the output, and the output waveform will be different (distorted) 
from the input. 

To minimize the effect of frequency distortion, amplifiers are usually 
designed to eliminate unwanted capacitance and inductance. Likewise, 
compensating components may be introduced into the circuit. 


71-9.3. Phase Distortion 


The fact that the input signal contains components of different 
frequencies is also responsible for phase distortion in an amplifier. When 
an alternating current (such as an ac signal) flows through a capacitor or an 
inductor, the current encounters a shift of phase. The degree of this phase 
shift is a function of frequency. Hence, the high- and low-frequency com- 
ponents of the signal are phase shifted in different degrees. These different 
phase shifts cause a distortion of the signal waveform. 

As in the case of frequency distortion, the phase distortion in an amplifier 
may be minimized by proper design to eliminate unwanted capacitance and 
inductance. 


1-10. DECIBEL MEASUREMENTS 


When working with amplifiers, we are frequently interested 
in the relationship between the power input and the power output. Likewise, 
we may be interested in the ratio between voltage input and voltage output. 
The decibel (dB) is the unit that has been widely adopted in amplifier work to 
express logarithmically the ratio between two power or voltage levels (and 
less commonly the ratio between two current levels). A decibel is one tenth 
of a bel. (The bel is too large for most practical applications.) 

Although power, voltage, or current amplification or the magnitude of a 
particular power, voltage, or current relative to a given reference value can be 
expressed as an ordinary ratio, the decibel has been adopted for two reasons: 


32 Basic Amplifier Theory Chap. 1 


(1) the decibel is a convenient unit to use for all types of amplifiers, and (2) 
the decibel is related to reaction of the human ear, and is thus well suited for 
use with audio amplifiers. 

This latter use can best be understood when we examine audio or sound 
power. The human ear does not hear sounds in their direct power ratio. Thus, 
we can listen to ordinary conversation quite comfortably, and yet be able 
to hear thunder (which is taken to be 100,000 times louder than conversation) 
without damage to our ears. This is because the response of the human ear 
to sound waves is approximately proportional to the logarithm of the energy 
of the sound wave, and is not proportional to the energy itself. 

The common logarithm (log,,) of a number is the number of times 10 
must be multiplied by itself to equal that number. Thus, the logarithm of 
100 (that is, 10 x 10, or 10?) is 2. Likewise, the logarithm of 100,000 (105) is 
5. In mathematics, we write this relationship as 


log,, 100,000 = 5. 


In comparing two powers, we could use the unit bel, which is the logarithm 
of the ratio of the two powers. For example, in comparing the power of 
ordinary conversation with that of thunder, the increase in sound is equal to 


power of thunder 


100,000. 
power of conversation 


logig logig 1 


Using the more convenient decibel, the increase in sound from ordinary 
conversation to thunder is equal to 


100,000 
1 


10 log. or 50 decibels (50 dB). 


For convenience, the same method is used in measuring the increase in 
power of amplifiers, whether the amplifiers are used with audio frequencies 
or not. Thus, the increase in power of any amplifier can be expressed as 


wo st _ power output 
gam in dB = 10log,, power input 


This relationship can also be expressed as 


gain in dB = 10 log $2. 
1 


Usually, P, represents power output and P, represents power input. 
Therefore, if P, is greater than P,, there is a power gain expressed in positive 
decibels (+dB). With P, greater than P,, there is a power loss expressed in 
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negative decibels (—dB). Whichever is the case, the ratio of the two powers 
(P, and P,) is taken, and the logarithm of this ratio is multiplied by 10. From 
this, we can obtain the following: 


power ratio of 10 = 10-dB gain 
power ratio of 100 = 20-dB gain 
power ratio of 1000 = 30-dB gain 


and so on. 

Doubling the power produces a gain of +3 dB. Thus, if the volume control 
of an amplifier is turned up so that the power rises from 4 to 8 W, the gain is 
up +3 dB. If, conversely, the power output is reduced from 4 to 2 W, the 
gain is down —3 dB. Again, if the original 4 W is increased to 8 W, the gain 
is up +3 dB. Increasing the power output to 16 W produces another gain of 
+3 dB, and the total gain is +6 dB. At 40 W the power has been increased 
10 times, and the total gain is +10 dB, and so on. 

There is another convenience in using decibels. When several amplifier 
stage are connected to work into one another (stages connected in cascade), 
the amplifications are multiplied. For example, if three stages, each having 
a power gain of 10, are connected, there is a total gain of 10 x 10 x 10, or 
1000. In the decibel system, the decibel gains are added. Thus, the decibel 
gain is +10 +10 +10, or +30 dB. Similarly, if two amplifiers or stages are 
connected, one of which has a gain of +30 dB and the other a loss of —10 
dB, the net result is +30 —10, or +20 dB. 

The decibel system is also used to compare the voltage input and output 
of an amplifier. (Decibels can be used to express current ratios. However, 
this is generally not practical in amplifiers.) When voltages (or currents) 
are involved, the decibel is a function of 


output voltage | 20 log output current 


20 log input voltage input current 


The ratio of two voltages (or currents) is taken, and the logarithm of this 
ratio is multiplied by 20. 

It is important to note that although power ratios are independent of 
source and load impedance values voltage and current ratios in these equations 
hold true only when the source and load impedances are equal. 

In circuits where input and output impedances differ, voltage and current 
ratios are calculated as follows: 


20 log pe , 20 log LR 
2 R, Ian R, 


where R, is the source impedance and R, the load impedance. (£,,/R, and 
I,,/R, are always higher in value than £,,/R! and I,,/R,.) 
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As is true for the power relationship, if the voltage output is greater than 
the input, there is a decibel gain (+ dB). If the output is less than the input, 
there is a voltage loss (—dB). 

Note that doubling the voltage produces a gain of +6 dB. Conversely, if 
the voltage is halved, there is a loss of —6 dB. To get the net effect of several 
voltage amplifiers working together, add the decibel gains (or losses) of each. 

When an amplifier has a power gain of +20 dB, this has no meaning in 
actual power output. Instead, it means that the power output is 100 times as 
great as the power input. For this reason, decibels are often used with 
specific reference levels. 

The most common reference levels in use are the volume unit, or VU, and 
the decibel meter, or dBm. 

When the volume unit is used, it is assumed that the zero level is equal to 
0.001 W (1 mW) across a 600-Q impedance. Therefore, 


VU = 10 log = 10 log 103P, 


—=3 


P, 
0. aT = 10 log i553 


where P, is the output power. 

Both the decibel meter and volume unit have the same zero level base. 
A decibel-meter scale is (generally) used when the signal is a sinewave (nor- 
mally 1 kHz), whereas the volume unit is used for complex audio waveforms. 


1-11. FIELD-EFFECT TRANSISTOR AMPLIFIERS 


Before going into specific considerations for field-effect-tran- 
sistor (FET) amplifier circuits, we shall discuss basic FET operating charac- 
teristics in this chapter. Such a review is necessary, since FET characteristics 
are unique when compared to any other type of transistor. (For example, a 
FET is often biased at the zero temperature coefficient point when used as 
an amplifier. This is an operating point where the FET drain-source current 
will not vary with temperature.) Likewise, the characteristics shown on 
FET datasheets do not correspond to those of conventional two-junction 
(NPN-PNP) transistors. It is necessary to analyze these datasheet charac 
teristics, as they apply to amplifier circuits. FET types and operating modes 
are discussed fully in the author’s Practical Semiconductor Databook for 
Electronic Engineers and Technicians (Prentice-Hall, Inc., Englewood Cliffs, 
N.J., 1970). The following paragraphs summarize this information. 


1-11.1. Advantages and Disadvantages of FETs 


The FET has several advantages over a conventional transistor 
in amplifier applications. The FET is relatively free of noise, and is more 
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resistant to the degrading effects of nuclear radiation because carrier lifetime 
effects are comparatively unimportant to FET operation. The FET is in- 
herently more resistant to burnout than a conventional two-junction (or 
bipolar) transistor. 

There are additional advantages for certain amplifier considerations. For 
example, the high input impedance (typically several megohms) is very useful 
in impedance transformations and where the amplifier must be matched to 
a high input impedance signal source. Since the FET is a voltage-controlled 
device, in contrast to current-controlled two-junction transistors, the FET 
can readily be “self-biased.” This frequently makes for a more simple circuit 
than is possible with a bipolar transistor. The FET also has a nonlinear 
region of operation, but this is generally of small value for amplifiers, except 
where automatic gain control is used. 

The junction field-effect transistor (or JFET, Sec. 1-11.2) has a very high 
output resistance, making it useful as a constant current source. Figure 1-21 
illustrates some JFET key parameters and their relative magnitudes as 
compared to vacuum tubes, bipolar transistors, and MOSFETs. 
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When compared with bipolar transistors, the chief shortcoming of the 
FET is its relatively small gain—bandwidth product. Although the JFET is 
free from carrier-transit-time limitations, parasitic capacitances limit the 
FET at higher frequencies. This aspect is discussed further in Chapter 3. 


71-11.2. Types of FETs and Modes of Operation 


There are two types of FETs in common use, junction (JFET) 
and metal oxide silicon (MOSFET). As the names imply, a JFET uses the 
characteristics of a reverse-biased junction to control the drain-source current, 
whereas with a MOSFET the gate is a metal deposit on an oxide layer. The 
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Fig. 1-22 Static characteristics for three FET types 
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gate is insulated from the source and drain. Because of this insulated gate, 
the MOSFET is often referred to as an insulated-gate FET, or IGFET. The 
terms MOSFET and IGFET are used interchangeably throughout this book. 

Both JFETs and MOSFETs operate on the principle of a channe/ current 
controlled by an electric field. The control mechanism for the two are dif- 
ferent, resulting in considerably different characteristics. The main difference 
between the two is in the gate characteristics. The input of the JFET acts like 
a reverse-biased diode, whereas the input of a MOSFET is similar to a small 
capacitor. 

In addition to the two basic types, there are two fundamental modes of 
operation for FETs—depletion and enhancement. These modes are illustrated 
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in Fig. 1-22, which shows the transfer characteristics and basic test circuits 
for each mode. 

In the depletion mode, maximum drain current (Jy,;) flows when the 
gate-source voltage (V,,) is zero, and decreases for increasing V,. 

Enhancement mode is just the opposite in that minimum drain current 
flows at V,, = 0. With enhancement mode, the drain current increases with 
increasing Vgs5. 

Field-effect transistors designated as type A operate in the depletion mode 
only. Type B FETs operate in both depletion and enhancement modes. Type 
C FETs operate in the enhancement mode only. 

The test circuits in Fig. 1-22 show the biasing for N-channel FETs. Note 
that V,, is always positive for the three N-channel types. In the useful range 
of operation, V,, is negative for a type A FET, positive for type C, and 
either polarity for type B. For a P-channel FET, all polarities must be 
reversed. 


7-11.3. Basic FET Operating Regions 


The FET has three distinct characteristic regions, only two of 
which are operational. Figure 1-23a, the output transfer characteristics, 
illustrates the different regions. Below the pinch-off voltage V,, the FET 
operates in the ohmic or resistance region. The ohmic region is not generally 
used for amplifiers, except in special cases. Above the pinch-off voltage up 
to the drain-source breakdown voltage Vip2)ps5, the FET operates in the 
constant-current region, which is the region most used for amplifier circuits. 
The third region, above the breakdown voltage, is the avalanche region, 
where the FET is not operated in practical circuits. 

The drain-source resistance rp, at any point on these curves is given by 
the slope of the curve at that point. Above the pinch-off voltage, changes in 
the drain-source voltage V,, result in small changes in drain current Jp. 
This produces a very high drain-source resistance, and is characteristic of a 
constant-current source. Also, the actual operating drain current is variable, 
and is dependent on the gate-source voltage. This results in a voltage-con- 
trolled current source. 

The J,—V,;5 curve, shown in Fig. 1-23b and found on a typical FET data- 
sheet, illustrates how the drain current varies with changes in gate-source 
voltage. For depletion FETs, the drain current decreases as the gate-source 
voltage is increased. For enhancement devices, the drain current 1s enhanced 
or increased as the gate-source voltage is increased. 

If the FET is operated with a drain-source voltage below the pinch-off 
voltage, the slope of the curves varies considerably as the gate-source voltage 
is varied. This is shown in Fig. 1-23c. Since the slope varies, the drain— 
source resistance varies. This is considered as operation in the ohmic region. 
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Fig, 1-23 Characteristics of FET operating regions 
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In effect, the drain-source channel is a voltage-variable or voltage-controlled 
resistor. As shown in Fig. 1-23d, the drain—-source resistance decreases with 
increasing gate-source voltage for enhancement FETs. For depletion FETs, 
the converse is true. 

Note that the curves near the origin (Fig. 1-23c) are relatively symmetrical. 
This means that ac as well as dc signals can be handled. In other words, the 
drain-source channel is bilateral, not unilateral. 

Note that a FET is generally operated in the pinch-off region for linear 
devices (which includes most amplifiers), whereas the ohmic region is used 
only for voltage-variable resistor applications. 


7-11.4. Zero-Temperature-Coefficient Point 


An important characteristic of all FETs is their ability to 
operate at a zero-temperature-coefficient point (OTC). This means that if 
the gate-source is biased at a specific voltage and is held constant, the drain 
current will not vary with changes in temperature. This characteristic makes 
for very stable amplifier circuits. 

The J,-V,, curves of Fig. 1-24 show that the various curves at different 
temperatures intersect at a common point. If the FET is operated at this 
value of J, and V,;, (shown as Jp, and V,,,), zero-temperature-coefficient 
(OTC) operation will result. 

The O7C point varies from one FET to another, and is dependent upon 
Ings, the zero gate voltage drain current, and V,. The equations shown in 
Fig. 1-24 provide good approximations of the zero-temperature-coefficient 
point. For example, if the pinch-off voltage V, is 1 V, the OTC mode is 
obtained if the gate-source voltage V,, is 0.37 V (1 — 0.63 = 0.37). 

Typically, JFETs show the OTC characteristic over a wide range of tem- 
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peratures, approximately 150°C. MOSFETs are limited to a much narrower 
range, approximately 50°C. 

It is sometimes assumed that the forward transadmittance (Y,, or Y,,) of 
the FET does not vary with temperature, particularly if the FET is biased at 
the OTC point. However, this is not correct. The transadmittance of the FET 
is the slope of the J,-V,, curve. The curve of Fig. 1-24 shows that the slope 
varies with temperature at every point on the curve. 

Figures 1-25 and 1-26 illustrate the temperature coefficients for a typical 
JFET. 

Keep in mind that it is not always practical to operate a FET at the zero- 
temperature-coefficient point. For example, assume that the required V,, 
to produce OJC is 0.37 V, and the FET is to operate as an amplifier with 
0.5-V input signals. A part of the input signal will be clipped. Or, assume 
that the circuit is to be self-biased with a source resistor (Sec. 1-11.5). An 
increase in bias resistance to produce OTC could reduce gain. 

Practical methods for finding 07C of FETs. The values of J, and V,, that 
produce OTC can be found using datasheet curves or by equations, as shown 
in Fig. 1-24. However, these values are typical approximations. 

A more practical method for determining J), requires a soldering tool, 
coolant (a can of freon), and a curve tracer (such as the Tektronix Type 575). 
By placing a 1000-Q resistor across the base and emitter terminals of the 
curve-tracer test socket, the constant-current base drive is converted to a 
relatively constant voltage for driving the FET gate. The curve tracer is then 
adjusted to display the J,-V,, output family of curves (Fig. 1-23a). By 
alternately bringing the soldering tool near the FET, and spraying the FET 
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Fig. 1-25 Drain-current temperature coefficient versus drain current 
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Fig. 1-26 Forward-transadmittance temperature coefficient versus 
drain current 


with freon, the voltage step of Vas that remains motionless in the presence of 
temperature changes can be observed on the curve tracer. The J, at this volt- 
age step is Ip>. 

Typically, FETs with an J,,, of about 10 to 20 mA will have an Jp, of 
about 0.5 mA. Usually, Jp)z increases as /p<, increases (but not always, and 
not in proportion). For example, the J,, of 300-mA FETs is often on the 
order of | mA. 


7-17171.5. Bias Methods for FETs 


In linear amplifier circuit applications, the FET is biased by 
an external supply, by self-bias, or by a combination of these two techniques. 
This applies to all FETs, whether biased at the OTC point or at some other 
operating point. 

Figure 1-27 shows the familiar common source—drain characteristic curves 
of a JFET (as they might appear on a typical curve tracer). For a constant 
level of drain-source voltage V,;, drain current J, can be plotted versus 
gate-source voltage Vas shown in Fig. 1-27b. This latter curve is generally 
referred to as a transfer characteristic. 

From a practical standpoint, the curves of Fig. 1-27 show the amount of 
current that flows through the FET for a given gate-source voltage. For 
example, either curve shows that if a —1-V bias is applied between gate and 
source, approximately 10 mA will flow. If the supply voltage (drain—-source 
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Fig. 1-27 FET characteristic curves; common-source, drain character- 
istics (a); transfer characteristics (b) 


voltage) is 10 V, and a 500-Q resistor is connected between the drain and 
supply, there is a 5-V drop across the resistor. Of course, this reduces the 
drain-source voltage down to 5 V, and possibly changes the characteristics. 
(In the example of Fig. 1-27a, there is very little change in characteristics.) 

The following paragraphs show how similar curves can be used to find the 
correct value of bias for a given quiescent (no-signal) operating point for a 
FET. Keep in mind that the following paragraphs provide basic or theoretical 
methods for finding bias values. In Chapter 2 we shall discuss step-by-step 
procedures for finding FET bias values, using actual datasheet information. 

External bias for FETs. Figure 1-28 shows the FET biased by an external 
voltage source. The input portion of this circuit is redrawn in Fig. 1-28b so 
that a graphical analysis may be used to determine the quiescent drain current. 
The graphical analysis consists of plotting the (voltage-current) V—I charac- 
teristics looking into the source terminal, and the V-I characteristics looking 
into the supply-voltage terminal. When the source terminal is connected to 
Vour, currents J, and J, are equal. Consequently, the quiescent level of source 
(and drain) current is determined by the point of intersection of the V-I 
plots. For example, approximately 9 mA of current (/,,) flows when Vo, 
(now the gate-source voltage) is 1.5 V. Figure 1-28c shows this graphical 
analysis. 

Note that two /, curves are given. These two curves illustrate a typical 
spread of transfer characteristics among FETs of the same family or type. 
For example, with the same Voy7 of 1.5 V, the lower J, curve shows that the 
current is approximately | mA (/,,). Thus, if it is desirable that 7, be main- 
tained at some level, a form of self-bias must be used. 

Self-bias for FETs. Self-bias of a FET amplifier will reduce (but not 
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Fig. 1-28 FET biased by external supply voltage (a) ; equivalent circuit 
for bias network (b) ; graphical analysis (c) 


eliminate) variation in quiescent levels of J,. Figure 1-29a shows the use of 
a source resistor R, to develop a gate-source reverse-bias voltage. As Jp 
increases, V,, becomes more negative, thus tending to prevent an increase 
in Jy. The input portion of the self-bias circuit is redrawn in Fig. 1-29b and is 
analyzed graphically in Fig. 1-29c. The V—I characteristics for the resistor is a 
straight line, having a slope equal to the reciprocal of R,, or 1/Rs. This line 
intersects the two J, plots at points P, and P,. Quiescent levels of J, are 
somewhat closer for the circuit of Fig. 1-29 than for the circuit of Fig. 1-28. 
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Fig.1-29 Self-bias for FET (a) ; equivalent circuit for bias network (b) ; 
graphical analysis (c) 


However, it is still possible to have a wide variation in Jy. For example, J, 
could vary from about 2.5 to 11 mA with 1 V of V,;. Thus, if it is quite essen- 
tial that 7, be maintained within narrow limits, to achieve a given amplifier 
characteristic, then both fixed bias and self-bias must be used. 

Combined fixed bias and self-bias. Assume that it is desired to limit J, toa 
range between 3 and 7 mA (points A and B of Fig. 1-30). Although this can- 
not be accomplished with self-bias alone (Fig. 1-29), Fig. 1-30 shows two 
circuits that will restrict J, to the desired range of values. A representation 
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Fig. 1-30 Circuits incorporating a combination of fixed and self-bias 
(a) ; equivalent circuit for either bias network (b) ; graphical analysis (c) 


for the input portion of these two combination circuits is given in Fig. 1-30b. 
The graphical analysis in Fig. 1-30c shows that, by proper selection of power 
supply and resistance values, J, can be bounded by points A and B. The 
step-by-step procedures for finding the values are described in Chapter 2. 

Constant-current bias. Figure 1-3la shows a bias network for a differential 
amplifier. Transistor Q, is biased as a constant-current generator in order to 
improve the common-mode rejection ratio of the differential amplifier (Q,- 
Q,). (Differential amplifiers are discussed in Chapter 5.) Figure 1-31b shows 
the bias network, and Fig. 1-3lc shows a graphical analysis of the bias cir- 
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cuit. Note that the two transfer curves are shifted to the left by the amount 
of negative voltage appearing at the gate terminal. For example, the top 
curve of Fig. 1-30 shows a maximum gate voltage of about —10V. This 
same curve is shifted 15 V to the left in Fig. 1-31, and intersects the voltage 
axis at about 10 V. The —15-V voltage is developed across resistors R, and 
R, in Fig. 1-31. 
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Fig.1-31 Bias circuit for differential amplifier (a) ; equivalent circuit for 
bias network to Q3 (b); graphical analysis (c) 


2. AUDIO-FREQUENCY 
AMPLIFIERS 


The average human ear is able to hear sounds ranging up to 
about 15,000 vibrations per second. Thus, corresponding electrical signals 
(ranging in frequency up to about 15 kHz) are known as audio-frequency (or 
AF) signals. However, the frequency range from 15 to 20 kHz is also con- 
sidered as part of the audio range, since some humans can hear sounds at 
that frequency. For the purposes of this book, we shall define audio fre- 
quencies as any frequency up to about 20 kHz. 


2-1. FREQUENCY LIMITATIONS OF AMPLIFIER 
COMPONENTS 


Were it not for reactance, a transistor (by itself) should be 
capable of operating at any frequency from zero (direct current) on up. That 
is, the top frequency limit would be set only by the transit time of electrons 
across the transistor junctions. However, there are limitations placed on the 
operating frequency of any amplifier by the transistor characteristics. Like- 
wise, the other components (capacitors, resistors, inductors, etc.) used in 
the amplifier circuit also limit the operating frequency. In this section, we 
shall see how each of the components affects operation of amplifiers. 

Every electronic component has some impedance, and is thus frequency 
sensitive. That is, the component will not attenuate (or pass) signals of all 
frequencies equally. Even a simple length of wire has impedance. Wire, being 
a conductor, has some resistance. If alternating current is passed through 
the wire, there is some inductive reactance. If the wire 1s near another con- 
ductor (or metal chassis), there is some capacitance between the two con- 
ductors, and thus some capacitive reactance. The reactance and resistance 
combine to produce impedance, which, in turn, varies with frequency. 
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Of course, many of the impedances presented by components are of little 
practical concern. On the other hand, certain of the impedances have a very 
pronounced effect on amplifier design and operation. There are four major 
components used in audio-amplifier designs: transistors, resistors, capacitors, 
and inductances (coils and transformers). Let us examine how the impedances 
and reactances of these components affect audio-amplifier operation. 

Transistor frequency limitations. All transistors have some capacitance 
between the junctions (emitter—base, collector—base). If any of the elements 
is common or ground, the remaining elements have some capacitance to 
ground. For example, in a common-emitter amplifier, there is some capa- 
citance from base to ground (across the input) and collector to ground (across 
the output). Likewise, there is capacitance from collector to base (which 
forms a feedback path from output to input). This is shown in Fig. 2-1. 
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Fig. 2-1 Capacitances associ- 
ated with transistor elements = 


Capacitive reactance decreases with an increase in frequency, and vice 
versa. A capacitance in series with a conductor presents less attenuation to 
the signal as frequency increases. A capacitance across a conductor (for 
example, in parallel or shunt from the conductor to ground) acts as a short 
to signals of increasing frequency. Consider a common-emitter amplifier 
where transistor capacitances are across the input and output. As frequency 
increases, the capacitive reactance drops, producing a short across the input 
and output, and increases attenuation of the signal. At some frequency, the 
attenuation equals the transistor amplification, so there is no gain. At higher 
frequencies, the attenuation exceeds amplification, and there is a loss, even 
though the transistor may still continue to operate. 

From a practical standpoint, the input and output capacitances of transis- 
tors have little effect at audio frequencies. Most modern transistors will 
operate well beyond the AF range, and will generally produce equal (or 
flat) frequency response. That is, all signals up to about 20 kHz (or higher) 
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are amplified by the same amount. (Refer to Chapter 7 for a further dis- 
cussion of frequency response.) However, with most transistors, as signal 
frequencies increase into the RF range, amplification begins to drop. (Radio- 
frequency amplifiers are discussed in Chapter 3.) 

All transistor have some inductance in their leads. This produces inductive 
reactance in series with the transistor elements. Inductive reactance increases 
with frequency. In the AF range the inductive reactance is of little concern. 
However, at radio frequencies the inductive reactance can produce consider- 
able attenuation, as is discussed in Chapter 3. 

Resistor frequency limitations. At audio frequencies, resistors offer rela- 
tively few problems, since resistors attenuate signals equally. Only at very 
high frequencies, where the resistor leads and body could produce some kind 
of reactance, is there any particular concern about frequency limits imposed 
by resistors. However, resistors do produce voltage drops. These voltage 
drops can be a problem when considering interstage coupling methods 
(described in Sec. 2-2), and when used in conjunction with coupling capaci- 
tors. 

Capacitance frequency limitations. Capacitors have three major uses in 
audio amplifiers: bypass, decoupling, and coupling. 

Bypass capacitors are used to provide a signal path around high resistances. 
For example, if the power supply of an audio amplifier does not have a filter 
capacitor, or a battery is used, the collector-emitter current must pass through 
a high resistance. This can impede the ac component of the signal. A bypass 
capacitor provides a signal path, as shown in Fig. 2-2. 

When several stages of amplification are connected, they all join at one 
point, the common power supply. In multistage amplifiers there is the pos- 
sibility of one stage feeding back through the power supply to a previous 
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stage, thus causing interference with the signal. To avoid this feedback, one 
or more of these stages may be decoupled from the power supply. Figure 2-2 
also shows a typical decoupling network. Resistor R is placed in series be- 
tween the load resistors ofithe stages and the power supply. Hence, it offers a 
high-resistance path for the ac signal component to the power supply. 
Capacitor C, on the other hand, offers a low shunt reactance to this com- 
ponent and thus decouples (bypasses) the component to ground. 

Actually, the functions of bypass and decoupling capacitors are the same, 
and the terms are interchanged. In either case, the main concern is that the 
reactance be low at the lowest frequency involved. This requires a capacitor of 
a given value, which increases as frequency decreases. For example, assume 
that the lowest frequency involved in 100 Hz, and the minimum required 
reactance is 100 Q. This requires a capacitance value of about 10 wF. If the 
required frequency is decreased to 10 Hz, the capacitance value must be 
raised to 160 uF to keep the reactance below 100 Q. 

Coupling capacitors are used at the input and output of each stage to block 
direct current. For example, if a coupling capacitor is not used between two 
transistor stages, the collector of the first stage is connected directly to the 
base of the following stage, and both elements are at the same bias voltage. 
While it is possible to operate transistors in this way, direct coupling does 
increase problems, as is described in Chapter 4. 

The values of coupling capacitors are dependent upon the low-frequency 
limit at which the amplifier is to operate, and on the resistances with which 
the capacitors operate. As frequency increases, capacitive reactance decreases 
and the coupling capacitors become (in effect) a short to the signal. There- 
fore, the high-frequency limit need not be considered in audio circuits. Figure 
2-3 shows how a high-pass filter is formed by coupling capacitors. Capacitor 
C, forms a high-pass RC filter with R,. Capacitor C, forms another high- 
pass filter with the input resistance of the following stage (or the load). The 
input voltage is applied across the capacitor and resistor in series. The 
output voltage is taken across the resistance. The relation of input voltage 
to output voltage is 


output voltage = input voltage x S 


where R 1s the dc resistance value, and Z is the impedance obtained by the 
vector combination of series capacitive reactance and dc resistance. 

When the reactance drops to approximately one half the resistance, the 
output will drop to about 90 per cent of the input (or approximately a 1-dB 
loss). Using the 1-dB loss as the low-frequency cutoff point, the value of C, 
or C, can be found by 


_ i 
capacitance = 39FR 
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Fig. 2-3. Formation of high-pass (low-cut) AC filter by coupling 
Capacitors and related resistances 


where capacitance is in farads, F is the low-frequency limit in hertz, and R 
is resistance in ohms. 

If a 3-dB loss at the low-frequency cutoff point can be tolerated, the value 
of C, or C, can be found by 


1 
t a 
capacitance = 7575 
Inductance frequency limits. Both coils and transformers are used in audio 
amplifiers. As discussed in Sec. 2-2, coils are sometimes used in place of the 
collector resistor as a load. This permits the collector to be operated at a 
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higher voltage. Likewise, transformers are used for coupling between stages. 
This provides impedance matching, as discussed in Sec. 2-2. 

The inductive reactance of coils and transformers increases with frequency. 
At the high end of the audio range, the attenuation produced by this increased 
reactance is usually sufficient to impair operation of the amplifier. At the 
low end of the AF range, the reactance of a typical transformer drops to a 
few ohms. This low impedance acts as a short across the line and attenuates 
the signal. Thus, coils and transformers tend to attenuate signals at both the 
high end and low ends of the AF range. 

Stray impedances. As discussed, any conductor (wiring, terminals, etc.) 
can have resistance, reactance, and impedance. Thus, care must be used in 
the routing of wires and placement of terminals to minimize the effects of this 
stray impedance. Likewise, the effects of stray impedances can alter the 
characteristics of components. A classic example of this is stray capacitance, 
which is added to the input and output capacitances of transistors. The 
effects of stray impedances are usually not critical at audio frequencies. 
However, as discussed in Chapter 3, the effects of stray impedance on ampli- 
fiers operating at radio frequencies can be of considerable importance. 


2-2. COUPLING METHODS 


All amplifiers require some form of coupling. Even a single- 
stage audio amplifier must be coupled to the input and output devices. If 
more than one stage is involved, there must be interstage coupling. Amplifiers 
are often classified as to coupling method. For example, the four basic 
coupling methods are capacitor (or capacitance) coupling, inductive coupling, 
direct coupling, and transformer coupling. All four methods require resistance 
and could be called resistance-coupled. amplifiers. However, the term resist- 
ance coupled is generally used to indicate that the amplifier does not have 
inductances or transformers between stages, and that the input and/or output 
impedance is formed by a resistance. Capacitor coupling is often called 
resistance—capacitance (or RC) coupling. 

In this section, we shall see how the different methods affect operation of 
practical audio amplifiers. Figure 2-4 shows the four coupling methods. 

With direct coupling, Fig. 2-4a, the collector of one transistor is connected 
directly to the base of the following transistor. The outstanding characteristic 
of a direct-coupled amplifier is the ability to amplify direct current and low- 
frequency signals. Because of the special nature of direct-coupled amplifiers, 
they are discussed in a separate chapter (Chapter 4). 

With capacitor coupling, or RC coupling, Fig. 2-4b, the coupling is accom- 
plished by means of the load resistor R,, of stage 1, the base resistor R,, 
of stage 2, and the coupling capacitor C,. The original signal is acted upon 
by stage 1 and appears in amplified form as the voltage drop across R,,. 
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Fig. 2-4 Four basic types of coupling used in audio amplifiers 


The dc component of the amplified signal is blocked by C,, which passes the 
ac component to the input section of stage 2 for further amplification. If 
necessary, more stages may be coupled to the output of stage 2 for further 
amplification of the signal. The main advantage of capacitor or RC coupling 
is that the amplifier will amplify uniformly over nearly the entire audio range, 
since resistor values are independent of frequency changes. However, as 
discussed in Sec. 2-1, RC coupled amplifiers do have a low-frequency limit 
imposed by reactance of the capacitor (which increases as frequency de- 
creases). Reactance-capacitance coupling is also small, light, inexpensive, 
and produces no magnetic field to interfere with the signal. One disadvantage 
of the RC coupling method is that the supply voltage is dropped (usually to 
one half) by the load resistance. Thus, the collectors must operate at a reduced 
voltage. 

With inductive or impedance coupling, Fig. 2-4c, the load resistors R,, and 
R,, are replaced by inductors L, and L,. The advantage of impedance cou- 
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pling over resistance coupling is due to the fact that the ohmic resistance of 
the load inductor is less than that of the load resistor. Thus, for a power 
supply of given voltage, there is a higher collector voltage. However, imped- 
ance coupling also suffers from a number of disadvantages. Impedance 
coupling is larger, heavier, and costlier than resistance coupling. To prevent 
the magnetic field of the inductor from affecting the signal, the inductor 
turns are wound upon a closed, iron core and usually are shielded further. 
The main disadvantage of impedance coupling is frequency discrimination. 

With impedance coupling at very low frequencies, the gain is low due to 
the capacitive reactance of the coupling capacitor, just as in the RC-coupled 
amplifier. The gain increases with frequency, leveling off at the middle 
frequencies of the audio range. (However, the frequency spread of this level 
portion is not as great as for the RC amplifier.) 

With impedance coupling at very high frequencies, the gain drops because 
of the increased reactance. Impedance coupling is rarely, if ever, used at 
frequencies above the audio range. 

With transformer coupling, Fig. 2-4d, the transformer 7, serves several 
purposes. As the fluctuating collector current of the first stage flows through 
the primary winding of 7,, the current induces an alternating voltage with 
similar waveform in the secondary of 7,. This voltage forms the input signal 
to the second stage. Since the secondary of T, conveys the ac component of 
the signal directly to the base of the second stage, there is no need for a cou- 
pling capacitor. Also, since the secondary winding furnishes a base return 
path, there is no need for a base resistance. 

Compared to the RC-coupled amplifier, the transformer-coupled amplifier 
has essentially the same advantages and disadvantages as the impedance- 
coupled amplifier. The transistor collectors can be operated at higher volt- 
ages. The impedances are set by the transformer primary and secondary 
windings. However, transformers are frequency sensitive (impedance changes 
with frequency). Therefore, the frequency range of transformer-coupled 
amplifiers is limited. . 

The inductances and transformers used in AF work are generally of the 
iron-core type. If air-core transformers are used at audio frequencies, the 
inductive reactance (and the impedance) will be so small as to be ineffective. 
At frequencies above the audio range (or at the high end), the reactance of 
iron-core inductances and transformers is so large that signals cannot pass 
(or are greatly attenuated). Therefore, air-core transformers and inductances 
are used for higher-frequency amplifiers, as is discussed in Chapter 3. 

Coupling transformers also provide for impedance matching between 
stages. Because the transistor is a current-operated device, impedance 
matching between the output of one stage to the input of the next is desirable 
for maximum transfer of power. This can be accomplished by making the 
primary and secondary transformer windings of different impedance. Typi- 
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cally, the input impedance of a transistor stage is less than the output im- 
pedance. Thus, the secondary impedance of an interstage transformer is 
typically lower than the primary impedance. When two common-emitter 
stages are impedance matched, the overall gain is greater than when identical 
stages are resistance coupled. 

Transformer-coupling is also effective when the final amplifier output must 
be fed to a low-impedance load. For example, the impedance of a typical 
loudspeaker is in the order of 4 to 16 Q, whereas the output impedance of a 
transistor stage is several hundred (or thousand) ohms. A transformer at the 
output of an audio amplifier can offset the obviously undesired effects of 
such a mismatch. 


2-2.1. Effects of Coupling on Audio-Amplifier Frequency 
Response 


A simplified frequency-response graph or curve is illustrated in 
Fig. 2-5. (A more comprehensive graph, as well as the procedures for pro- 
ducing such graphs, is discussed in Chapter 7.) The graph of Fig. 2-5 is pro- 
vided here to illustrate the effects of coupling methods on amplifier frequency 
response. The response is measured by the gain of the amplifier at various 
frequencies in the audio range. 

Note that the gain falls off at the very low frequencies. In an RC-coupled 
amplifier, this drop in gain (generally referred to as rolloff) at the low end is 
due to the capacitive reactance of the coupling capacitor. Since the coupling 
capacitor is between the output of the first stage and the input to the second 
stage, the signal is attenuated by the voltage drop across the capacitor. Hence, 
the lower the frequency, the larger the capacitive reactance, and the smaller 
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Fig. 2-5 Simplified frequency-response graph 
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is the signal input to the second stage. In impedance-coupled or transformer- 
coupled amplifiers, the low-frequency rolloff is caused by the very low 
inductive reactance, which acts as a short across the signal path. In effect, 
the low reactance bypasses some of the signal to ground. 

As shown in Fig. 2-5, the gain also falls off at the higher frequencies. In 
RC-coupled amplifiers, this high-frequency rolloff is due to the output capac- 
itance of the first stage, the input capacitance of the second stage, and the 
stray capacitance furnished by the coupling network. These capacitances 
act to bypass some of the signal to ground. The higher the frequency, the 
smaller the capacitive reactance becomes, and the greater the amount of 
signal so bypassed. Hence, the overall gain falls, At frequencies between these 
two extremes, the gain remains fairly constant. In impedance-coupled or 
transformer-coupled amplifiers, the high-frequency rolloff is due to the 
large inductive reactance that attenuates the signal. 

In sum, then, resistance coupling produces the lowest gain, transformer 
coupling the highest. As a general rule of thumb, three stages of RC-coupled 
amplification will produce approximately the same gain as two stages of 
comparable transformer-coupled amplification. On the other hand, RC- 
coupling produces the least frequency distortion of the signal. Transformer 
coupling has the added advantage of providing an impedance match at the 
amplifier input and output. 


2-3. HOW TRANSISTOR RATINGS AFFECT AMPLIFIER 
CHARACTERISTICS 


The characteristics of solid-state amplifier circuits are directly 
related to the ratings or capabilities of the transistors involved. For example, 
the current gain of an individual amplifier stage can be no greater than the 
maximum possible current gain of the transistor in that stage. Whether the 
problem is one of amplifier design or amplifier test and troubleshooting, it Is 
always helpful (and often necessary) to know the characteristics of the tran- 
sistors involved. These characteristics are given in transistor manufacturer’s 
datasheets. 

Most of the amplifier-related characteristics for a particular transistor 
can be obtained from the datasheet. There are some exceptions to this rule. 
For extreme high-frequency work (Chapter 3) and in digital work where 
switching characteristics are of particular importance, it may be necessary to 
test the transistor under simulated operating conditions. In any event, it is 
always necessary to interpret datasheets. Each manufacturer has its own 
system of datasheets. It would be impractical to discuss all datasheet formats 
here. Instead, we shall discuss typical information found on datasheets, and 
see how this information affects amplifier circuits. 
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The subject of transistor ratings is discussed thoroughly in the author’s 
Practical Semiconductor Databook for Electronic Engineers and Technicians 
(Prentice-Hall, Inc., Englewood Cliffs, N.J., 1970); and Handbook of Sim- 
plified Solid-State Circuit Design (Prentice-Hall, Inc., Englewood Cliffs, 
N. J., 1971). The following is a summary of these discussions, with particular 
emphasis on the relationship between transistor ratings and amplifier circuit 
operation. 


2-3.7. Two-Junction Transistor Ratings 


Most two-junction transistor datasheets list certain absolute 
maximum ratings that apply to voltage, current, power, and temperature 
range. 

The maximum collector voltage is usually listed as Vogo, which is a test 
voltage, rather than an operating design voltage. (Vceg9 usually indicates 
collector-base breakdown voltage, with the emitter circuit open. However, 
transistors do not operate in this way in amplifiers. For a common-emitter 
amplifier, Vezg or BVerg is the dominant breakdown voltage which is 
always less than Vego.) 

Except for RF amplifiers, most transistors are operated with their collector 
at some voltage value /ess than the source voltage (V.-). For example, in a 
typical class A amplifier circuit, the collector voltage is one half the source 
voltage at the normal operating point. However, the collector voltage will 
rise to or near the source voltage when the transistor is at or near cutoff. 
For this reason, the collector of any transistor amplifier should never be 
connected to a source higher than the maximum voltage rating, even through 
a resistance. 

If an electronic power supply is used for a transistor amplifier, always 
allow for some variation in source voltage. Of course, a battery power source 
will not deliver more than its rated voltage. 

Maximum voltage is affected by temperature, and is listed on datasheets 
at some particular temperature, usually 25°C. Typically, breakdown will 
occur at a lower voltage when temperature Is increased. 

The maximum base-emitter voltage is usually listed as V.eg9. Again, this 
is a test voltage rather than an operating or design voltage. Typically, the 
voltage drop across the base-emitter junction is 0.2 to 0.3 V for germanium, 
and 0.5 to 0.6 V for silicon transistors. Lower base-emitter voltages (typical 
of class B and C amplifiers) produce less current drain, and lower no-signal 
(Q-point) power dissipation. Higher base-emitter voltages may result in 
operation on a more linear portion of the transistor characteristics (typical 
of class A amplifiers). In practical amplifiers of all classes, it is often necessary 
to select a bias (base-emitter voltage) on the basis of input signal, rather 
than on some arbitrary point of the transistor’s characteristic curve. Keep in 
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mind that the input signal to an amplifier stage can come from an external 
source Or a previous stage, or can be a form of feedback. Thus, when analyz- 
ing any amplifier stage, always consider any input signal that may be applied 
to the base-emitter junction, in addition to the normal operating bias. 

Collector current, usually listed as /,, will increase with temperature. For 
that reason, it is unwise to operate any transistor at or near its maximum 
current rating. Of course, if you could be absolutely certain that the transistor 
is dissipating any temperature increases (a practical impossibility), the circuit 
could operate near the maximum current rating. 

In practical amplifiers it is the power dissipated in the collector circuit 
(rather than a given current) that is of major concern. For example, assume 
that the collector is operated at 50 V and 25 mA. This will result in a power 
dissipation of over | W, somewhat above the typical small-signal transistors 
found in amplifier stages. 

The power dissipation capabilities of a transistor in any amplifier are 
closely associated with the temperature range. For example, a typical power 
dissipation of 150 mW at 25°C must be derated to 50 mW at 125°C, indicat- 
ing a derating of | mW for each degree (°C) increase in ambient temperature. 

Small-signal characteristics, such as current transfer ratio, input imped- 
ance, reverse voltage transfer ratio, output admittance, power gain, and 
noise figure, can be defined as those where the ac signal is small compared to 
the de bias. For example, /,, or,forward current transfer ratio (also known as 
ac beta or dynamic beta) is properly measured by noting the change in 
collector alternating current for a given change in base alternating current 
with the collector voltage held constant and without regard to static base 
and collector currents. 

Small-signal characteristics do not provide a truly sound basis for practical 
amplifier circuit analysis. As discussed in Chapter I, and in other related 
chapters, the performance of a transistor in a working amplifier circuit can be 
set by the circuit component values (within obvious limits, of course). 

The small-signal characteristics found on datasheets are sometimes con- 
fusing. For example, not all manufacturers list the same small-signal charac- 
teristics on their datasheets. To further complicate matters, manufacturers 
call the same characteristic by different names (or even use the same name to 
identify different characteristics). In any event, the small-signal characteristics 
listed in datasheets are based on a set of fixed operating conditions. If the 
conditions change (as they must in any practical amplifier), the characteristics 
will change. For example, beta changes drastically with temperature, fre- 
quency, and operating point. With this in mind, use small-signal charac- 
teristics as a starting point for amplifier circuit analysis, not as hard and fast 
rules. 

High-frequency characteristics, such as frequency cutoff, collector-to-base 
capacity, and power gain, are not especially important in audio amplifiers. 
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However, as discussed in Chapter 3, such characteristics are essential in 
analyzing RF networks found in RF amplifiers. The networks used in RF 
amplifiers provide the dual function of frequency selection (tank circuit) 
and impedance matching between the transistor and a load. 

Direct-current characteristics, such as collector breakdown voltage, 
collector cutoff current, and collector saturation resistance, are important 
in the design of basic amplifier bias circuits (Sec. 1-7). However, the dc 
ratings of a transistor do not have too critical an effect on the operation of 
audio amplifiers. The dc characteristics shown on datasheets are primarily 
test values, rather than design or operating parameters. The important points 
to remember regarding such de characteristics are that they serve as starting 
points for bias circuit design, and they will change with temperature in any 
practical amplifier circuit. 

Switching characteristics, such as delay time, rise time, storage time, and 
fall time, are important in amplifiers used to handle pulse signals and in 
switching amplifiers. The switching time of a transistor (which includes the 
sum of all four times) is defined in the test and troubleshooting information 
of Chapter 7. 

The time factors of delay, storage, rise, and fall determine the operating 
limits for switching amplifiers. For example, if a transistor amplifier stage 
with a 20-ns rise time is used to pass a 15-ns pulse, the pulse would be hope- 
lessly distorted. Likewise, if the 1.5-ys delay were added to a l-ys pulse, an 
absolute minimum of 2.5 ws would be required before the next pulse could 
occur. This would mean a maximum pulse repetition frequency (prf) of 
400 kHz (1/2.5~* = 400,000 Hz). 


2-3.1.1. Determining Transistor Rating at Different 
Frequencies 


One of the great weaknesses in using transistor datasheet 
ratings to analyze amplifier circuits is that datasheets specify most ratings 
at some given frequency. In practical applications it is convenient to know 
the ratings over the entire frequency range of the amplifier. Transistor gain 
(either alpha or beta) is a classic example of this requirement. If a common- 
emitter transistor circuit is to provide a given gain operating from 10 Hz to 
20 kHz, the transistor beta must be greater than the required circuit gain 
across the same frequency range. 

Alpha or beta (or both) are found on most datasheets for transistors used 
in the audio range. Alpha is often listed as /,,, or common-base ac forward 
current gain. Beta is listed as /,,, or common-emitter ac forward current gain: 

Common-base ratings. /,,, (the value of 4,, at 1 kHz) will remain constant 
as frequency is increased, until a top limit is reached. After the top limit, /,, 
begins to drop rapidly. The frequency at which a significant drop in hy, 
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hy, (value of hy, at 
1 kHz) 


fp (where hy, = 0.707 hy,,) 
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Fig. 2-6 Curve of hy, versus frequency for a transistor with an f,, of 
1 MHz 


occurs provides a basis for comparison of the expected frequency performance 
(amplification) of different transistors. This frequency is known as f,, and 
is defined as that frequency at which /,, is 3 dB below h,,,. 

A curve of /,, versus frequency for a transistor with an f,, of 1 MHz is 
shown in Fig. 2-6. This curve has the following significant characteristics: 

At frequencies below f,,, 4,, is nearly constant and approximate to h,,,. 

h,, begins to decrease significantly in the region of f,,. 

Above /,,, the rate of decrease of /,, (with increasing frequency) approaches 
6 dB per octave. (The term 6 dB per octave means that the gain drops by 6 
dB each time frequency is doubled. This is the same as a 20-dB drop each 
time the frequency is increased by a factor of 10, which is referred to as 20 
dB per decade.) 

The curve of common-base current gain versus frequency for any transistor 
has the same characteristics, and the same general appearance as the curve 
of Fig. 2-6, although not necessarily the same frequency range. 

Common-emitter ratings. The common-emitter rating that corresponds to 
tap 1S foes the common-emitter current gain cutoff frequency. This f,, is the 
frequency at which h,, (beta) has decreased 3 dB below /,,, (the value of 
h,, at | kHz). A typical curve of /,, versus frequency for a transistor with an 
fe of 100 kHz is shown in Fig. 2-7. The curve of Fig. 2-7 has the same sig- 
nificant characteristics described for Fig. 2-6. That is, 4,, is considered to 
be decreasing at a rate of 6 dB per octave at /,,. 

These characteristics allow such a curve to be constructed for a particular 
transistor by knowing only 4,,, and f,.. With the curve constructed, /,, (at 
any frequency) can be determined. Furthermore, if f,, is not known, a curve 
could also be constructed if h,,, and h,, at any frequency above f,, were 
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hieo (value of A, at 1 kHz) 
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Fig. 2-7 Curve of Ay, versus frequency for a transistor with an f,. of 
100 kHz 


known. Thus, to find /,, at any frequency, it is necessary to know only /,,, 
(which is available on most datasheets) and either f,, or /,, at some frequency 
greater than /,,. 

Gain—bandwidth product, or f;, is sometimes specified on datasheets instead 
of f,.. This f; 1s the frequency at which gain drops to unity (0 dB; no amplifi- 
cation, but no loss). f, can be approximated when f,, is multiplied by /,,, 
(fr =TSae X Nygeo)- 

On those datasheets where /7,, is specified at some frequency greater than 
Faes fp can be approximated when the specified frequency is multiplied by the 
specified /1,,. 

It should be noted that f, is a common-emitter rating, and should not be 
used with common-base calculations. 

It should also be noted that common emitter f; is approximately equal to 
the common-base parameter of f,,. Usually, f, is slightly less than /f,,. 

Maximum operating frequency. Although common-emitter current gain is 
equal to | at f,, there may still be considerable power gain at f, due to differ- 
ent input and output impedance levels (as described in Sec. 1-4.1). Thus, f; 
is not necessarily the highest useful frequency for a transistor operating asa 
common-emitter amplifier. An additional rating, the maximum frequency 
of oscillation (/,,,,), 1s found. 

The term f,,,, 1s the frequency at which common-emitter power gain is 
equal to 1. A plot of common-emitter power gain versus frequency has the 
same characteristics as the voltage-gain plot (Fig. 2-7). 

JSmax May be found by measuring power gain at some frequency on the 6 
dB per octave (slope) portion of the power gain versus frequency, and multi- 
plying the square root of the power gain (in magnitude) by the frequency of 
measurement. 

The problem here is that datasheets do not always specify if the power- 
gain figure is on the slope of the power gain versus frequency curve. However, 
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there are some clues that can be used to estimate the location of the power- 
gain figure on the curve. 

If two power-gain figures are given, the high-frequency figure can be 
considered to be on the slope, and can be used to find f,,,. For example, if 
the datasheet shows a power gain of 35 dB (magnitude of 50) at | kHz and 
17 dB at 5 MHz, the 17-dB figure (S MHz) can be used to find f,,, by 


Imax = frequency ,./power gain in magnitude 
Pies = 5/50 


Jax = 35 MHz (approximately) 


If a power-gain figure is given for a frequency higher than f,,, the gain 
figure can be considered as being on the slope, and can be used to find f,,,. 

Conversion between ratings. One problem with datasheets is the mixing 
of amplification or gain-frequency ratings. For example, the datasheet of a 
2N337 shows a “typical” current transfer ratio /,, (or beta) of 55 (magnitude), 
and a “typical” alpha cutoff frequency of 30 MHz. (The datasheet lists alpha 
cutoff frequency as f,,,, rather than /,,.) This means that if the transistor is 
used as a common-emitter amplifier the gain is 55, up to some unknown 
frequency. Or, if the transistor is used as a common-base amplifier, the gain 
will drop 3 dB from some unknown level at 30 MHz. 

Since the mixing of ratings is not uncommon on most two-junction transis- 
tor datasheets, it is necessary to convert from one rating to another. Since 
the majority of amplifiers are common emitter, it is usually necessary to 
convert from common base to common emitter, but the reverse can also be 
true. The following rules summarize the conversion process: 


alpha hye 


io | — alpha’ hteo = 1+ Aye, 
beta Se. _ 
alpha = T+ beta’ Toe a K(l prof ab 
= lh s5o —_ a | ee 
Meo = Th” = J = ROT) 


where K refers to a phase shift factor and ranges between 0.8 and 0.9 for 
most transistors (MADT transistors have a K of about 0.6). 

To find h,, at a particular frequency: 

h,, is approximately equal to 4,,, when the frequency of interest is less 
than f,.. 

hy. 1s approximately equal to 0.7h,,, when the frequency of interest is 
near f,,. 

h,, decreases at a rate of 6 dB per octave and is approximately equal to 
fr/frequency when the frequency of interest is above /,,. 
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hy. 1s equal to | (unity, no amplification, no loss) at f,. 


To find fy: 

When /,,, and f,, are given, fp = Nyon X fre: 

When h,,, and f,, are given, fr = hy, X fa, X K. 

As an example of how these calculations can be put to a practical use, 
assume that a transistor is to be used in a common-emitter audio amplifier, 
and that a gain of magnitude 55 must be no more than 3 dB down at some 
frequency higher than 20 kHz. That is, f,, must be 20 kHz or greater. Fur- 
thermore, assume that the datasheet shows an h,,, of 55 (magnitude), and 
an f,, (common base) of 200 kHz. Assuming a phase shift constant K of 0.9, 
is the transistor capable of providing the desired gain at 20 kHz, and higher? 

The first step is to convert the common emitter /,,, into common base 
Hyy. as follows: 


2 ea 35 / 
Neyo = iter OS or 6 0.982 


Then find f,, from the known h,,, and f,, as follows: 


Tae = K(1 — lyn )fy = 0.9 X 0.018 x 200 = 32.4 kHz 


2-3.1.2. Interpreting Transistor Characteristic Curves with 
Load Lines 


Many datasheets show two-junction transistor characteristics 
by means of curves that are reproductions of displays obtained with an 
oscilloscope-type curve tracer. The collector voltage-current curves shown 
in Fig. 2-8 are typical. Such curves are obtained by applying a series of 
stepped base currents, then sweeping the collector voltage over a given 
range. Several curves are made in rapid succession at different base currents. 
Current gain (beta) can be found by noting the difference in collector current 
for a given change in base current, while maintaining a fixed collector voltage. 

Load lines can be superimposed on the datasheet curves to provide an 
indication of how the transistor will perform in an amplifier circuit. For 
example, assume that a collector load of 1000 9 was used with the transistor 
displayed in Fig. 2-8. When the collector current reaches 20 mA (base 
current approximately 0.8 mA), the collector voltage drops to zero. Like- 
wise, when the collector current drops to zero, collector voltage rises to 20 V 
(base current zero). If a load line is connected between these two extreme 
points (marked A and B on Fig. 2-8), the instantaneous collector voltage and 
collector current can be obtained for any base current along the line. Approx- 
imate transistor gain can be estimated from the load line. For example, with 
a base current change from 0.2 to 0.4 mA (a 0.2-mA change), the collector 
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on characteristic curves of com- voltage 
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current changes from about 4 to 9 mA (a 5-mA change). This represents an 
approximate current gain of 25. 

Using datasheet curves and load lines to find transistor characteristics has 
some drawbacks. The datasheet curves are “typical” for a transistor of a 
given type, and represent an average gain (or, in some cases, the minimum 
gain). Also, as discussed, transistor gain is temperature and frequency 
dependent. Therefore, the selection of load values, bias values, and operating 
point on the basis of static gain curves is subject to error. If the transistor’s 
beta shifts, the operating point must shift, requiring different bias and load 
values. 

As is discussed throughout this book, the problem of variable gain in 
transistor amplifiers can be overcome by means of feedback to stabilize the 
gain. With feedback, amplifier characteristics are primarily dependent upon 
the relationship of circuit values, rather than on transistor gain charac- 
teristics. 


2-3.1.3. How Temperature Affects Transistors in Amplifier 
Circuits 


There are several basic temperature-related problems when 
two-junction transistors are used in amplifier circuits. 

Most important, datasheets specify transistor characteristics at a given 
temperature. Many of these characteristics will change with temperature. 
Since amplifiers rarely operate at the exact temperature shown on the data- 
sheet, it is important to know the characteristics at the actual operating 
temperature. To compound the problem, changes in characteristics can 
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affect transistor temperature. For example, an increase in current gain or 
power dissipation will result in a temperature increase. This can produce 
thermal runaway, as described in Sec. 1-7. 

In addition to knowing the effects of temperature on characteristics, it is 
important to know that heat sinks or transistor mounting can be used to 
offset the effects of temperature. For example, if a transistor is used with a 
heat sink, or is mounted ona metal chassis that acts as a heat sink, an increase 
in temperature (from any cause) can be dissipated into the surrounding air. 

The following rules of thumb can be applied to the effects of temperature 
on two-junction transistor characteristics: 

Collector leakage, or Icgo, increases with temperature. Typically, logo 
doubles with every 10°C increase in temperature for germanium transistors, 
and doubles with every 15°C increase in temperature for silicon transistors. 
Also, always consider the possible effects of a different collector voltage when 
approximating /.,9 at temperatures other than those on the datasheet, since 
collector leakage increases with voltage applied to the collector. 

Current gain, or h,,, increases with temperature. Typically, current gain 
doubles when the temperature is raised from 25 to 100°C for germanium 
transistors. With silicon, current gain doubles when the temperature is 
raised from 25 to 175°C. In any amplifier, do not exceed 100°C for germanium 
transistors or 200°C for silicon. 

The power dissipation capabilities of a transistor must be carefully con- 
sidered, especially when designing an amplifier circuit. Of course, in small- 
signal circuits the power dissipation is usually less than 1 W, and heat sinks 
are not needed. In such amplifiers, the only concern is that the rated power 
dissipation (as shown on the datasheet) not be exceeded. For typical small- 
signal amplifier circuits, do not exceed 90 to 95 per cent of the maximum 
power dissipation. 

Maximum power dissipation is specified on datasheets in many ways. Some 
manufacturers provide safe-area curves for temperature and/or power dis- 
sipation. Others specify maximum power dissipation in relation to a given 
ambient temperature, or a given case temperature, Still others specify a 
maximum junction temperature, OF a maximum case temperature. 

Transistors designed for power applications usually have some form of 
thermal resistance specified to indicate the power dissipation capability. 
Thermal resistance can be defined as the increase in temperature of the tran- 
sistor junction (with respect to some reference) divided by the power dissipated 
(°C/W). In power transistors, thermal resistance is normally measured from 
the transistor junction to the case. This results in the term @/C. On those 
transistors where the case is bolted directly to the mounting surface, the 
terms 9MB (thermal resistance to mounting base) or MF (thermal resistance 
to mounting flange) are used. If a transistor is not mounted on a heat sink or 
chassis, the thermal resistance from case-to-ambient air, or 9CA, is so large 
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in relation to that from junction-to-case (or mount) that the total thermal 
resistance from junction to ambient air, or @JA, is primarily the result of the 
8CA term. 

A typical TO-5 style case has a 150°C/W rating, whereas the power-type 
TO-3 case has a 30°C/W rating. From this it will be seen that the TO-3 case 
(used in final power audio-amplifier stages) has a small temperature increase 
(for a given wattage) in comparison to the TO-5. That is, the heavy-duty 
cases will dissipate the heat into the ambient air. 

Assume that a germanium transistor (maximum 100°C safe temperature) 
with a TO-5 case is to be used, and it is desired to find the absolute maximum 
power dissipation (without a heat sink and at an ambient of 25°C). The 
maximum allowable increase is 75°C (100 — 25). Maximum power dis- 
sipation is the maximum allowable temperature increase divided by degrees 
Celsius per watt, or 75/150 = 0.5 W. Of course, the current gain will double 
when the temperature is increased from 25 to 100°C. Assuming that the 
collector voltage remains constant, the dissipation will double. Thus, to be 
safe, the maximum power dissipation should be calculated at one half the 
25°C value, or 0.5 W x 4, or 0.25 W. 

Transistors operated at about | W, or higher, are usually used with an 
external heat sink. Sometimes, the chassis or mounting area serves as the 
heat sink. In other cases, a heat sink is attached to the case. Either way, the 
primary purpose of the heat sink is to increase the effective heat-dissipation 
area of the case, and provide a low-heat-resistance path from case to ambient. 

Power-transistor datasheets specify the @JA that must be combined with 
the heat-sink thermal resistance to find the fotal power-dissipation capability. 
Commercial heat sinks are rated in terms of thermal resistance (usually as 
°C/W). When heat sinks are used, some form of electrical insulation must be 
provided between the case and heat sink (unless a grounded-collector circuit 
is used). Because good electrical insulators usually are also good thermal 
insulators, it is difficult to provide electrical insulation without introducing 
some thermal resistance between case and heat sink. Usually the insulation 
is provided by washers (between transistor and chassis) or cups (between 
transistor and heat sink). These washers introduce additional thermal resis- 
tance, typically in the order of 0.25 to 0.5°C/W. The use of a zinc oxide filled 
silicon compound (such as Dow Corning #340 or Wakefield #120) between 
the washer or cup and transistor or chassis helps to decrease thermal resis- 
tance. 

Note that any insulation between collector and the chassis (as is produced 
by the washer between the case and heat sink) will also result in capacitance 
between the two metals. This capacitance is usually no problem at audio 
frequencies, but must be considered in RF amplifier circuits (Chapter 3). 

Steady-state power dissipation. In any amplifier operated under steady- 
state conditions, typical of audio amplifiers used to amplify voice or music 
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signals, the no-signal (or Q-point) dc collector voltage and current can be 
used to find the approximate power dissipation. That is, power dissipation 
equals dc collector voltage times dc collector current. Using this factor, and 
ignoring such factors as collector—base leakage, emitter—base current, and 
the like, the maximum power-dissipation capability of a transistor in any 
amplifier circuit can be calculated as follows: Assume a maximum junction 
temperature of 200°C (typical for a silicon power transistor), a junction-to- 
case thermal resistance @JC of 2°C/W, a heat sink with a thermal resistance 
of 3°C/W (including the washer), and an ambient temperature of 25°C. 

First find 6JA, which is equal to the sum of the transistor and heat sink 
resistances, or 2 + 3 = S. 

Then find the maximum permitted power dissipation, which is equal to 


max junction temp (200°) — ambient temp (25°C) 
9JA(5) 


or 35 W (maximum). 

If the same transistor were to be used without a heat sink, but under the 
same conditions and with a TO-3 case (30°C/W), the maximum power is 
calculated as follows: 9CA(30) + @JC(2) = 32. 


200 — 25 


5) =5W (approx) 


If maximum case temperature is specified, rather than maximum junction 
temperature, subtract the ambient temperature from the maximum permitted 
case temperature; then divide the case temperature by the heat-sink thermal 
resistance. For example, assume a maximum case temperature of 130°C, an 
ambient of 25°C, and a 3°C/W heat sink. Then, 130 — 25 = 105°C, and 
105/3 = 35 W maximum power. 

Pulse power dissipation. In amplifiers operating with pulse signals, the 
maximum permitted power dissipation is greater than with steady-state 
operation. For a single, nonrepetitive pulse, the transient thermal resistance 
must be calculated. Generally, this transient factor is given in the form of a 
power multiplier, related to a given pulse width and case temperature. If the 
case temperature is increased, the factor must be derated. 

For example, assume that a transistor is used to amplify 1-ms pulses, the 
transistor has a maximum junction temperature of 200°C, the case tem- 
perature under these conditions is 130°C, the ambient temperature is 25°C, 
and that the maximum steady-state power is 35 W (as in the previous exam- 
ple). Furthermore, assume that the datasheet specifies a power multiplier 
of 3 for l-ms pulses with a case temperature of 25°C. The derating factor 
would be 

130°C — 25°C =—105_—s 3 
200°C — 25°C «175 


Sec. 2-3 How Transistor Ratings Affect Amplifier Characteristics 69 


To find the maximum single, nonrepetitive pulse power: 


max power = multiplier x (1 — derating factor) x steady-state power 
=3x (1 — 2) x 35 =42W 


These calculations for single-pulse operation are based on the assumption 
that the heat-sink capacity is large enough to prevent the heat-sink tem- 
perature from rising between pulses. 

For repetitive pulses, both the case and heat-sink temperatures will rise. 
This can be accounted for as follows: 


power multiplier X max junction — ambient 


max permitted power = 6JC + [power multiplier x °% duty cycle x @JA] 


Assume that it is desired to find the maximum permitted power of the same 
transistor described for the steady-state amplifier, but now used to amplify 
I-ms pulses repeated at 100-Hz intervals. The conditions are power mul- 
tiplier of 3, AJC of 2°C/W, OJA of 5°C/W (including heat sink), maximum 
junction temperature of 200°C, ambient temperature of 25°C, and a duty 
cycle of 10 per cent (1 ms on and 9 ms off): 


3(200 — 25) 


2+ BOs] = 


max permitted power — 


The case temperature of a transistor operated by repetitive pulses is 
case temperature = peak pulse power x % duty cycle x OJA ++ ambient 


Peak pulse power is obtained by multiplying the collector voltage by the 
collector current (assuming that the transistor is operated in a grounded- 
emitter or grounded-base configuration, and that the transistor is switched 
full on and full off by the pulses). 

For example, assume an ambient temperature of 25°C, a duty cycle of 10 
per cent, a total OJA of S°C/W, and peak pulses of 120 W (say a collector 
voltage of 60 and a collector current of 2 A). The case temperature would be 


case temperature (or 7.) = 120 x 0.1 x 5+ 25 = 85°C 


2-3.2. Field-Effect Transistor (FET) Ratings 


Characteristics of the FET are unique when compared to any 
other type of transistor. For example, as discussed in Chapter 1, a FET is 
often biased at the zero-temperature-coefficient point, where the FET drain— 
source current will not vary with temperature. Likewise, the characteristics 
shown on FET datasheets do not correspond to those of conventional two- 
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junction transistors. The following paragraphs summarize FET characteris- 
tics and datasheet ratings. 


2-3.2.1. Datasheet Format for the FET 


Typically, the first page of the datasheet gives the maximum 
ratings of the FET, mechanical dimensions, and pin layout, similar to a two- 
junction transistor datasheet. Obviously, if the maximum ratings are exceed- 
ed, abnormal circuit operation will occur, and the FET may be destoryed. 
For example, assume that 70 V is applied to the FET, which has a maximum 
drain-source rating of 60 V. Damage, if not total destruction, will surely 
result. All the precautions concerning maximum ratings for two-junction 
transistors also apply to FETs. 

The second page of the datasheet presents the electrical characteristics and 
operating conditions under which they were measured. Page 2 shows both 
“on” and “off” characteristics, as well as “small-signal characteristics.” Keep 
in mind that all the characteristics listed in any datasheet are based on a set 
of fixed operating conditions. If the conditions change (as they must in any 
practical amplifier), the characteristics will change. 


2-3.2.2. Characteristics of the FET 


The following characteristics appear on most FET datasheets. 


Forward gate current Ig;,, is the maximum recommended forward current 
through the gate terminal. This is a limiting factor in some amplifier applica- 
tions, and is caused by a large forward bias current on the gate. When this 
condition occurs, the gate current must be limited or degeneration of the 
FET will occur. A resistor in series with the gate will limit the current, but 
its value will determine the variance of gate bias as affected by the gate 
leakage current. 

Total device dissipation Py is the maximum power that can be dissipated 
within the device at 25°C without exceeding the maximum allowable internal 
temperature (typically 200°C). The power is derated according to the thermal 
resistance (Sec. 2-3.1.3) value. For example, assume that the FET has a 200- 
mW rating at 25°C and a 1.33-mW/C° thermal resistance value. At 125°C 
the power dissipated in the FET must not exceed 77 mW (125 — 25 = 100°C; 
100 « 1.33 = 133; 200 — 133 = 77 mW). Operation above the maximum 
value could damage the device. 

Gate-source breakdown voltage Vigaegss is the breakdown voltage from 
gate to source, with the drain and source shorted. Under these conditions, 
the gate-channel junction also meets the breakdown specification, since the 
drain and source are connections to the channel. This means that the drain 
and source may be interchanged, for symmetrical devices, without fear of 
individual junction breakdown. 
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Gate-source cutoff voltage Vgs..¢s) 1s defined as the gate-to-source voltage 
required to reduce the drain current to 0.01 (or preferably 0.001) of the mini- 
mum Jp,, value. 

Pinch-off voltage V, is essentially the same as V,5,.¢7), only measured in a 
different manner. V, is shown in Fig. 2-9 and is the drain-to-source voltage 
at which the drain current increases very little for an increase in drain-to- 
source voltage at V,, = 0. Most equations used to describe the operation 
of a FET use Vz, but the value of V,s5,,--, cam be used instead. 


(a) (b) 


Courtesy Motorola 


Fig. 2-9 FET output characteristics 


An approximate value for Vgs,9¢7, can also be determined from the transfer 
characteristic curve shown in Fig. 2-10. Vgs,.¢7) 1s found by taking the s/ope 
of the curve at Vg; = 0 (where the curve intersects the /, axis), and extending 
the slope to the V,, axis. Twice the value of this intercept is Vesiors)- 

For example, using the curves of Fig. 2-10, V,; minimum is about 2 x 1.25 
V, or 2.5 V. Vg, maximum is about 2 x 1.8, or 3.6 V at 25°C. This technique 
can be used on any of the /,—-V,, curves for other temperatures. 

Gate leakage (reverse) current Is, is defined as the gate-channel leakage 
with the drain shorted to the source, and is a measure of the static short- 
circuit input impedance. Since gate-to-channel is a reverse-biased diode 
junction (for a JFET), /,;; doubles (approximately) every 15°C increase in 
temperature, and is proportional to the square root of the applied voltage. 

Zero gate voltage drain current In,,is defined as the drain-to-source current, 
with the gate shorted to the source, at a specified drain—-source voltage. Ip, 
is a basic parameter for JFETs, and is considered to be a figure of merit. 

Gate-source voltage Vc, is a range of gate-to-source voltages with 0.1Jp55 
drain current flowing. The specified drain-to-source voltage is the same as 
for Ipss. This characteristic gives the min/max variation in V,, for different 
FETs, for a given J, and Vs. 
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Fig. 2-10 Forward transfer characteristic curves for min/max /pss 
limits 


Forward transadmittance Y,, is defined as the magnitude of the common- 
source forward transfer admittance. Y,, shows the relationship between 
input signal voltage and output signal current, and is the key dynamic charac- 
teristic for all FETs. All other factors being equal, an increase in Y,, pro- 
duces an increase in gain, when a FET is used in an audio-amplifier stage. 
Y,, 1s specified at 1 kHz, with dc operating conditions the same as for pgs. 

At 1 kHz, Y,, is almost entirely real. Thus, Y. at 1 kHz = Y,,. At higher 
frequencies, Y,, includes the effects of gate-to-drain capacitance and may be 
misleadingly high. However, for FETs operating in the audio range, Y,, is 
generally an accurate figure. For higher-frequency operation, the real part 
of transconductance Re(Y,,), as discussed in later paragraphs, should be 
used. 

Figure 2-11 shows Y,, versus J, with typical and minimum values shown. 
The curves end sharply where Jp = Jpss5 and, at this value, Y,, is at its maxi- 
mum. 

Figure 2-12 shows a typical temperature coefficient of Y,, versus drain 
current. For this curve, Vp, = 15 V, and Vg, is varied to obtain the variations 
of J,. 

Forward. transconductance Re(Y,,) is defined as the common-source 
forward transfer conductance (drain current versus gate voltage). For high- 
frequency applications, Re(Y,,) is considered a figure of merit. The dc 
operating conditions are the same as for Y,,, but the test frequency is 100 
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Fig. 2-12 Forward transadmittance coefficient versus drain current 


MHz. All other factors being equal, an increase in Re(Y;,) produces an 
increase in the voltage gain produced by a FET amplifier stage used at radio 
frequencies. 

In comparing Re(Y;,) with Y,,, the minimum values of the two are quite 
close, considering the difference in frequency at which the measurements are 
made. At high frequencies, about 30 MHz and above, Y;, will increase due 
to the effect of the gate—drain capacitance C,,, so that Y,, will be misleadingly 
high. 

Output admittance Y,, is defined as the magnitude of the common-source 
output admittance, and is measured at the same operating conditions and 
frequency as Y,,. Since Y,, is a complex number at low frequencies, only the 
magnitude is specified. For higher frequencies, Y,, can be calculated using 
loss) aS Shown in Fig. 2-13. | 

The common-source output resistance r,,, is the real part of Y,,. Figure 
2-14 shows the variation of r,,, versus /, for several values of J,,;. These are 
also measured at 1 kHz, Vj, = 15 V, and V,; varied to obtain the different 


73 


74 Audio-Frequency Amplifiers Chap. 2 


‘oss Fig. 2-13 Equivalent FET low- 
Courtesy Motorola frequency circuit 


Courtesy Motorola 


Fig. 2-14 Output resistance versus drain current 


values of Jp. Note that the lower J,,,; FETs have a higher output resistance 
for the same drain current. 

Input capacitance C,,, is the common-source input capacitance with the 
output shorted, and is used in place of Y,,,, the short-circuit input admittance. 
Y,,, 1s entirely capacitive at low frequencies, since the input is a reverse- 
biased silicon diode (for JFETs). The real parts of Y;,, could be calculated 
from /J,;,, but is negligible even at low frequencies. 

Reverse transfer capacitance C,,, 1s defined as the common-source reverse 
transfer capacitance with the input shorted. C,,, is used in place of Y,,, the 
short-circuit reverse transfer admittance, since Y,, is almost entirely capaci- 
tive over the useful frequency range of the FET. Figure 2-15 shows C,,,, 
C,,;, and C,,, as functions of Vp5. These same ratings are shown on Fig. 
2-13. The circuit of Fig. 2-13 is valid up to about 30 MHz, and shows how to 
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Fig. 2-15 Capacitance versus drain—source voltage 


obtain all the short-circuit Y parameters from the data given in the data- 
sheet. Although all this information may not be necessary for simple linear 
FET amplifiers used at audio frequencies, the data can be of great value for 
RF amplifiers, as discussed in Chapter 3. 

Common-source noise figure NF represents a ratio between input signal- 
to-noise and output signal-to-noise, and is measured in decibels. Short- 
circuit input noise voltage e, is the equivalent short-circuit input noise, 
expressed in volts per root cycle. 

NF, as specified, includes the effects of e, and /,, where /, is the equivalent 
open-circuit input noise current. For a FET, the contribution of /, is small 
compared to e,. As shown in Fig. 2-16, NF attains its highest value for a 
small generator resistance and decreases for increasing generator resistance, 
indicating a large noise contribution from the noise-voltage generator. For 
this reason, NF and e, are specified, and /, is neglected. NF is independent of 
operating current and proportional to voltage. However, the voltage effects 
are slight over the normal operating range. 

Figure 2-17 is a nomograph for converting noise figure to equivalent input 
noise voltage for different generator source impedances, R,. This nomograph 
can be used with any FET. Since NF and e, are frequency dependent, Fig. 
2-17 must be used in conjunction with Fig. 2-18 (noise figure versus frequency 
at a specified source impedance) to determine e,. For example, to find the 
input noise at 50 Hz and R, = 1 MQ, NF, from Fig. 2-18, is about 1.5 dB. 
Next, from Fig. 2-17, e, is found to be 1.5 X 1077 volts (on the 10° or 1-MQ 
curve), or about 1.5 nV. If the stage has a voltage gain of 10, the output 
noise is 10 x 150 nV, or 1.5 wV of 50-Hz noise. 
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Fig. 2-16 Noise figure versus source resistance 
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Fig. 2-17 Noise-figure conversion chart 


Chap. 2 


Figure 2-16 shows NF versus generator resistance at a fixed frequency. 
The only point common to Figs. 2-18 and 2-16 is at R, = 1 MQ and f= 1 
kHz. For other values of R, and f, NF can be estimated by using both 


figures; then e, is found, as before, from Fig. 2-17. 


Zero temperature coefficient, OTC. Although there is no single specification 
dealing with the OTC effect of FETs (refer to Sec. 1-11), its importance to 
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Fig. 2-19 Drain-current temperature coefficient versus drain current 


amplifier circuits warrants discussion. Figure 2-19 shows the typical J, tem- 
perature coefficient O07, versus J, for 2N5265 through 2N5270 FETs. All 
these FETs have a temperature coefficient of zero at approximately J, = 
0.5 mA. 

The positive temperature coefficient occuring at small values of drain 
current is caused by a change in the width of the thermally generated deple- 
tion layer at the gate-channel junction. For the above FETs, the change is at 
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a rate equivalent to —2.2 mV/°C across the gate-source junction. This is 
the same value and phenomenon as the forward-biased base-emitter junc- 
tion of a two-junction transistor. The negative temperature coefficient occurs 
at high voltages of J, due to a decrease in carrier mobility (increasing resis- 
tivity) to the channel. At some value of /, these two effects cancel each other, 
and zero temperature coefficient (OTC) of J, or Vg, occurs. 

The rule-of-thumb equations for OTC operation are 


Vee a Vv, ote 0.63 (2-1) 
0.63\2 
Inz = Inss ( V ) (2-2) 
P 
drift in mV/°C = 2.2 (1 = xo (2-3) 
DZ 


where subscript Z indicates the OTC point for the parameter. 

Equation (2-3) is valued near, but not at, /,,. Equations (2-1) and (2-2) 
must both be satisfied for OTC operation. Since V, and /,,, vary from device 
to device, an adjustment for V,, or Jp is necessary. It is noted that resistor 
temperature coefficients, and the effects of /,;, with temperature, must also 
be considered. 


2-4. BASIC TWO-JUNCTION TRANSISTOR 
AMPLIFIER STAGE 


Figure 2-20 is the working schematic of a basic, single-stage 
audio amplifier using a two-junction transistor. Note that the basic audio 
circuit is similar to the bias circuits discussed in Sec. 1-7 (Fig. 1-12), except 
that input and output coupling capacitors C, and C, are added. These 
capacitors prevent dc flow to and from external circuits. Note that a bypass 
capacitor C, is shown connected across the emitter resistor R,. Capacitor C, 
is required only under certain conditions, as discussed in later paragraphs. 

Input to the amplifier is applied between base and ground across R,. Out- 
put is taken across the collector and ground. The input signal adds to, or 
subtracts from, the bias across R,. Variations in bias voltage cause corre- 
sponding variations in base current, collector current, and the drop across 
collector resistor R,. Therefore, the collector voltage (or circuit output) 
follows the input signal waveform, except that the output is inverted in phase. 
(If the input swings positive, the output swings negative, and vice versa.) 

Variations in collector current also cause variations in emitter current. This 
results in a change of voltage drop across the emitter resistor R,;, and a 
change in the base-emitter bias relationship. As discussed in Chapter 1, 
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Fig. 2-20 Basic, single-stage, audio amplifier using a two-junction 
transistor 


the change in bias that results from the voltage drop across R, tends to cancel 
the initial bias change caused by the input signal, and serves as a form of 
negative feedback to increase stability (and limit gain). This form of emitter 
feedback (current feedback) is known as stage feedback or local feedback, 
since only one stage is involved. As discussed in later chapters, overall feed- 
back or loop feedback is sometimes used where several stages are involved. 


2-4.1. Circuit Analysis 


The outstanding characteristic of the circuit in Fig. 2-20 is 
that circuit characteristics (gain, stability, impedance) are determined (pri- 
marily) by circuit values, rather than transistor characteristics (beta). The 
circuit is shown with an NPN transistor. The power supply polarity must be 
reversed if a PNP transistor is used. 
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The maximum peak-to-peak output voltage is set by the source voltage. For 
class A operation, the collector is operated at approximately one half the 
source voltage. This permits the maximum positive and negative swing of 
output voltage. Generally, the absolute maximum peak-to-peak output can 
be between 90 and 95 per cent of the source. For example, if the source is 
20 V, the collector will operate at 10 V (Q point), and swing from about 1 
to 19 V. However, there is less distortion if the output is one half to one 
third of the source. In any circuit, the maximum collector voltage rating of 
the transistor cannot be exceeded. 

The input and/or output impedances are set by the values of R, and R,, as 
shown by the equations of Fig. 2-20. Maximum power transfer occurs when 
R, and R, match the impedances of the previous stage and following stage, 
respectively. 

Stability versus gain tradeoff. As shown by the equations, maximum 
voltage gain occurs when R, is made larger in relation to R,. Likewise, 
current gain increases when R, is made larger in relation to R,. However, 
circuit stability is greatest when R, and R, are made smaller in relation to 
R,. That is, the circuit gain will remain more constant in the presence of 
temperature, source voltage, or input signal changes when R, is made larger 
in relation to R, and R,. Thus, there is a tradeoff between gain and stability. 

In a practical amplifier, the circuit of Fig. 2-20 should be limited to a 
maximum current gain of 10 and a maximum voltage gain of 20. Higher 
gains are possible, but the stability is generally poor. Of course, even though 
gain is set by circuit values, the minimum ac beta of the transistor must be 
higher than the desired gain. For example, if the circuit values are chosen for 
a gain of 20, the minimum beta must be 20 across the entire frequency range. 

The Q point is affected by the values of all four resistors in Fig. 2-20. 
However, the value of R, is the final determining factor for Q point. That is, 
in a practical amplifier, the remaining resistor values are selected for the 
desired gain, impedance, and stability of the circuit; then the value of R, is 
selected (or adjusted) to give a desired operating point. 

The values of C, and C, are dependent upon the low-frequency limit at 
which the amplifier is to operate. As discussed in Sec. 2-1, C, forms a high- 
pass (or low-cut) RC filter with R,. Capacitor C, forms another filter with 
the input resistance of the following stage (or the load). For a given resis- 
tance value, a lower frequency requires a larger capacitor value, as shown 
by the equations on Fig. 2-20. Of course, if the resistance can be made larger 
(with the same desired frequency), the capacitor value can be reduced. Since 
two-junction transistors are low-impedance, current-operated devices, the 
coupling capacitors in two-junction amplifiers are generally large. That is, 
the coupling capacitors are generally large in relation to those of FET (and 
vacuum-tube) amplifiers. 
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2-4.2. Emitter Bypass for Transistor Amplifier Stage 


Figure 2-20 shows (in phantom) a bypass capacitor C, across 
emitter resistor R,. This arrangement permits R, to be removed from the 
circuit as far as the signal is concerned, but leaves R, in the circuit (in regards 
to direct current). With R, removed from the signal path, the voltage gain is 
approximately R, divided by the dynamic resistance of the transistor, and the 
current gain is approximately ac beta of the transistor. Thus, the use of an 
emitter-bypass capacitor permits the highly temperature stable dc circuit to 
remain intact while providing a high signal gain. 

An emitter-bypass capacitor also creates some problems. Transistor input 
impedance changes with frequency, and from transistor to transistor, as does 
beta. Therefore, current and voltage gains can only be approximated. When 
the emitter resistance is bypassed, the circuit input impedance is approxi- 
mately beta times transistor input impedance, making circuit input imped- 
ance subject to variation and unpredictable. 

The emitter bypass is generally used where maximum gain must be obtained 
from a single stage of amplification, and a stable gain is of little concern. 
The value of the emitter-bypass capacitor should be such that the reactance 
is less than the transistor input impedance at the lowest frequency of operation. 
This will effectively short the emitter (signal path) around R,. 

The value of C, can be found by 


1 
capacitance = —~— 
p 6.2FR 
where capacitance is in farads, F is the low-frequency limit in hertz, and R 
is the maximum input impedance of the transistor in ohms. 


2-4.3. Basic Audio Amplifier with Partially Bypassed Emitter 


Figure 2-21 shows a basic single-stage two-junction transistor 
used as an audio amplifier with a partially bypassed emitter resistor. This 
circuit is a compromise between the basic amplifier without bypass and the 
fully bypassed emitter. The dc characteristics of both the unbypassed and 
partially bypassed circuits are essentially the same. The circuit values (except 
C,; and R-,) are calculated in the same way for both circuits. However, the 
voltage and current gains for a partially bypassed amplifier are greater than 
an unbypassed circuit, but less than for the fully bypassed circuit. 

The value of R, is chosen on the basis of voltage gain, even though current 
gain will be increased when voltage gain increases. R- should be substantially 
smaller than R,. Otherwise, there will be no advantage to the partially by- 
passed circuit. However, a smaller value for R, will require a larger value for 
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Fig. 2-21 Basic single-stage 
two-junction transistor used as 
an audio amplifier with partially 
bypassed emitter resistor 


C;, since the C, value is dependent upon the R, value and the desired low- 
frequency cutoff point. 

With the circuit of Fig. 2-21, current gain and voltage gain are dependent 
upon the ratios of R,/R- and R,/R., respectively. Thus, the value of R, has 
little or no effect on circuit gain. 


2-5. BASIC FET AMPLIFIER STAGE 


As discussed, the characteristics of FETs are quite different 
from those of two-junction transistors. This makes for considerable differ- 
ences in amplifier circuit characteristics. For this reason, we shall summarize 
FET amplifier characteristics before going into a basic FET amplifier stage. 

The basic FET bias circuit is shown in Fig. 2-22. This circuit can be convert- 
ed to a single FET amplifier stage by the addition of input and output coupl- 
ing capacitors. The basic bias network is modified as necessary to produce 
a FET stage with desired characteristics (stage gain, input-output impedance, 
etc.). 

The purpose of the basic bias circuit is to establish a given Jp, and to 
maintain that J, (plus or minus some given tolerance) over a given tem- 
perature range. Generally, this is to keep the FET at the OTC operating point. 
When the basic FET circuit is used to form a linear amplifier, the output 
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Fig. 2-22 Basic FET stage 


(drain terminal) should be at one half the supply voltage, if maximum 
output voltage swing is wanted. Keep in mind that amplifiers rarely operate 
under static conditions. Thus, the basic bias circuit is used as a reference or 
starting point for design or analysis. The actual circuit configuration, and 
(especially) the bias circuit values, are selected on the basis of dynamic circuit 
conditions (desired output voltage swing, expected input signal level, etc.). 


2-5.1. Selecting Values for Basic FET Bias Circuit 


Assume that the circuit of Fig. 2-22 is to maintain 7, at 1 + 
0.25 mA, over a temperature range from —55 to +125°C, with a supply 
voltage Vp, of 30 V. The first step is to draw a 1/R, load line on the FET 
transfer characteristics, as shown in Fig. 2-23. (Note that this illustration is 
similar to that of Fig. 1-30.) As shown by the equations, the value of R, is 
set by the limits of V,, and Jp. The value of Vos,min) 18 the point where the 
Tpiminy Of 0.75 mA crosses the high-temperature-limit curve of + 125°C, or 
approximately 0.8 V. The value of Voscmaxy is the point where the Jp(max) Of 
1.25 mA crosses the low-temperature-limit curve of —55°C, or approximately 
1.9 V. Using these values, the first trial value for Rg is 


1.9— 0.8 


Rom 153.075 


= 2.2kQ 


The fixed bias voltage V, is determined from the intercept of the 1/R, 
load line with the V,, axis, and is computed using the same set of values, as 
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Fig. 2-23 The 1/As load line for basic FET stage 


shown in the Fig. 2-24 equations: 


= O73 x £9 = 125: XK 08 —085V 


Vo 0.5 


The maximum value of R, is determined by the maximum gate reverse 
current, as specified on the datasheet. The variation in V, versus temperature 
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Fig. 2-24 Small-signal analysis of basic FET stage 
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will generally not be too great if a value for R, is chosen such that J, (Fig. 
2-22) is at least six times greater than the maximum reverse current. Assume 
a maximum gate reverse current of 0.5 wA at the maximum temperature of 
125°C, and the drop across R, is approximately 29 V (30 V — a nominal 
Vos of 1 = 29 V). Six times 0.5 wA is 3 wA. A value of 9.1 MQ for R, will 
produce approximately 3.2 wA of J,. 

The value of R, is found from a simple voltage-divider relationship, 
ignoring the effect of J,, as shown in the Fig. 2-23 equations: 


_ 0.85 x 9.1 x 108 


Ry 30 — 0.85 


=x 300kQ 


The maximum value of R, is determined by the voltage drops across R, 
and Ip (max). AS shown by the Fig. 2-23 equations, the voltage drop across R, 
(or Vp,) Is 


Vi 3011536) =0.25' < 22) = 285 Vv 


Note that Ip imax) 18 shown in Fig. 2-23, and Vgs,o7) is calculated using the 
technique of Sec. 2-3.2.2. 

With V,, established at 21.85 V, and an /,,,,,,) of 1.25 mA, the maximum 
value of R, is 


21.85 
Rae = eS = 17.48 


Assuming a standard | per cent resistor, a value of 16.9 kQ can be used. 


2-5.2. Small-Signal Analysis of Basic FET Bias Circuit 


Small-signal analysis of a FET amplifier stage is easily accom- 
plished with reasonable accuracy by using a few simple equations. The FET 
model used for the analysis is shown in Fig. 2-24. This model differs from the 
previous model (Fig. 2-13) in that C,,, is omitted. By omitting all capacitance 
and using only the real parts of Y;,, Y,;,, and Y,,, the model and the accom- 
panying equations are useful up to about 100 kHz. If capacitance effects are 
included, the equations are useful up to several megahertz. 

Figures 2-25, 2-26, and 2-27 show schematics for common-source, com- 
mon-drain (source-follower), and common-gate circuits. In addition, the 
exact and approximate equations for voltage gain, input impedance, and 
output impedance are included. (The equations for finding the resistance 
values of R,, R,, Rs, and R, are discussed in Sec. 2-5.1.) 

For the common-source circuit (Fig. 2-25), the omission of C,,, will affect 
the equations for input impedance and voltage gain. However, for low 
frequencies (below about 100 kHz) the error is minimal. If only dc feedback 
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Fig. 2-25 Basic common-source FET stage circuit and characteristics 
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Fig. 2-27 Basic common-gate FET stage circuit and characteristics 
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is required, then the source resistor R, is bypassed. With a capacitor across 
Rs, the effects on the design equations are to set R, at zero. Under these 
conditions, voltage gain is the product of R, and Y,,. 

With R, not bypassed, the circuit characteristics are virtually independent 
of FET parameters (with the exception of Y,,). Instead, the circuit charac- 
teristics (impedances, gain, etc.) are dependent upon R, and R,. By using 
precision resistors with close temperature coefficients, the common-source 
circuit can be made very stable over a wide temperature range. 

The common-drain (source-follower) configuration (Fig. 2-26) is a very 
useful basic circuit. Some of its properties are a voltage gain always less 
than unity with no phase inversion, low output impedance (essentially set 
by the value of R,;), high input impedance, large signal swing, and active 
impedance transformation. 

The common-gate stage (Fig. 2-27) offers impedance transformation oppo- 
site to that of the source follower. Common-gate produces low input imped- 
ance and high output impedance. The voltage gain is the same as for the 
common source, except that there is no phase inversion. 

The circuits of Figs. 2-25, 2-26, and 2-27 are for P-channel JFETs. Reverse 
the polarity for N-channel FETs. MOSFET (or IGFET) devices may not 
conform exactly to the relations shown, but are sufficiently close for analysis 
of FET amplifier circuits. 


2-5.3. Single-Stage Common-Source FET Amplifier 


Figure 2-28 shows a basic single-stage FET amplifier. Note 
that the basic amplifier circuit is similar to the basic common-source circuit 
of Figs. 2-22 and 2-25, except that input and output coupling capacitors C, 
and C, are added to prevent dc flow to and from external circuits. Bypass 
capacitor C,, connected across R,, is required only under certain conditions. 

Input to the amplifier is applied between gate and ground across R,. Out- 
put is taken across the drain and ground. The input signal adds to, or sub- 
tracts from, the bias voltage across R,. Variations in bias voltage cause 
corresponding variations in J,, and the voltage drop across R,. Therefore, 
the drain voltage (or circuit output) follows the input signal waveform, 
except that the output is inverted in phase. (If the input swings positive, the 
output swings negative, and vice versa.) 

Variations in J, also cause variations in voltage drop across Rs, and a 
change in the gate-source bias relationship. The change in bias that results 
from the voltage drop across R, tends to cancel the initial bias change caused 
by the input signal, and serves as a form of negative feedback to increase 
stability (and limit gain). This gate-source feedback is known as stage or 
local feedback. As in the case of two-junction transistors, where several 
stages are involved, overall or loop feedback is sometimes used. 
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2-5.3.1. Circuit Analysis 


The outstanding characteristic of the circuit in Fig. 2-28 is 
that circuit gain, stability, impedance, and so on, are determined (primarily) 
by circuit values, rather than FET characteristics. The circuit shown is a 
P-channel FET. The power supply polarity must be reversed if an N-channel 
FET is used. 

The maximum peak-to-peak output voltage is set by the supply voltage. 
For class A operation, the drain is operated at approximately one half the 
supply voltage. This permits the maximum positive and negative swing of 
output voltage. Generally, the absolute maximum peak-to-peak output can 
be between 90 and 95 per cent of the supply. For example, if the supply is 
20 V, the drain will operate at 10 V (Q point), and swing from about | to 
19 V. However, there is less distortion if the output is one half to one third 
of the supply. In any circuit the maximum drain-source voltage Vps of the 
FET cannot be exceeded. 

The input and/or output impedances are set by the resistance values (R,, 
R,, and R,) as shown in Fig. 2-28. However, there are certain limitations for 
R, and R, imposed by tradeoffs (for gain, impedance match, zero-tempera- 
ture-coefficient operating point, etc.). 
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For example, the output impedance is set by R,. If R, is increased to match 
a given impedance, the gain will increase (all other factors remaining equal). 
However, an increase in R, will lower the drain voltage QO point, since the 
same amount of /, will flow through R, and produce a larger voltage drop. 
This reduces the possible output voltage swing. A reduction in R, produces 
the opposite effect, increasing the drain voltage Q point, but still reducing 
output voltage swing. 

When R, is much larger than R, (which is generally the case), the input 
impedance of the circuit is set by the value of R,. If R, is increased (or de- 
creased) far from the value found in Sec. 2-5.1, the no-signal /, point will 
change. If the value of /, is chosen for OTC, and R, is changed drastically, 
the drain current will change, and the FET is no longer operating at the OTC 
point. Generally, this is an undesirable condition. Typically, the common- 
source FET circuit is chosen for its high input impedance, thus presenting a 
low current drain to the preceding circuit. If the FET stage must provide a 
low input impedance, the common-gate circuit of Fig. 2-27 is generally 
preferred. 

The values of C, and C, are dependent upon the low-frequency limit at 
which the amplifier is to operate. As discussed in Sec. 2-1, C, forms a high- 
pass (or low-cut) RC filter with R,. Capacitor C, forms another filter with 
the input resistance of the following stage (or the load). For a given resis- 
tance values, a lower frequency requires a larger capacitor value, as shown 
by: the equations on Fig. 2-28. Of course, if the resistance can be made 
larger (with the same desired frequency), the capacitor value can be reduced. 
Since FETs are high-impedance voltage-operated devices, the coupling 
capacitors in FET amplifiers are generally small (in relation to those of two- 
junction transistors). 

Sufficient feedback. The design of a FET amplifier stage can be checked 
by noting if there is sufficient feedback. Such a condition occurs when the 
calculated gain is at least 75 per cent of the R,/R, ratio. If so, there is suffi- 
cient feedback to be of practical value. As an example, assume that R, is 
16.9 kQ, Ry is 2.2 kQ, and Y,, is 2000 umhos. The ratio of R,/Rg is slightly 
over 7.6, with the gain slightly over 6. 

R, _ 16.9 


Roo oe ees gain 


16.9kQ 16.9kQ _ 


(1/2000 zmho) # 22k ~ 27kQ — °F 


Since 75 per cent of 7.6 is 5.7, the gain of 6 is greater, and there is sufficient 
feedback. Under these conditions the design should be stable. 


2-5.4. Source Bypass for FET Amplifier Stage 


Figure 2-28 shows (in phantom) a bypass capacitor C, across 
source resistor Ry. This arrangement permits R, to be removed from the 
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circuit as far as the signal is concerned, but leaves R, in the circuit (in regards 
to direct current). With R, removed from the signal path, the voltage gain is 
approximately equal to Y,, x R,. Thus, the use of a bypass capacitor per- 
mits a temperature-stable dc circuit to remain intact, while providing a high 
signal gain. 

A source resistance bypass capacitor also creates some problems. The Y,, 
changes with frequency, and from FET to FET. Thus, circuit gain can only 
be approximated. The source bypass is generally used where maximum gain 
must be obtained from a single stage of amplification and a stable gain is of 
little concern. The value of C, can be found by 


] 


capacitance — 6.2F(Rs X 0.2) 


where capacitance is in microfarads, F is low-frequency limit in hertz, and 
R, 1s in megohms. 


2-5.5. Basic FET Amplifier with Partially Bypassed Source 


Figure 2-29 is the working schematic of a basic single-stage 
FET amplifier with a partially bypassed source resistor. This design is a 
compromise between the basic design without bypass and the fully bypassed 
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Fig. 2-29 Basic FET audio amplifier with partially bypassed source 
resistor 
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source. The dc characteristics of both the unbypassed and partially bypassed 
circuits are essentially the same. All circuit values (except C, and R,) can be 
calculated in the same way for both circuits. 

As shown in Fig. 2-29, the voltage gain for a partially bypassed FET 
amplifier is greater than the unbypassed circuit, but less than for the fully 
bypassed circuit. However, the gain can be set to an approximate value by 
selection of circuit values, unlike the fully bypassed circuit where gain is 
entirely subject to variations in Y,,. 

The value of R, is chosen on the basis of desired voltage gain. R- should be 
substantially smaller than R,. Otherwise, there will be no advantage to the 
partially bypassed design. As shown by the equations, voltage gain is approxi- 
mately equal to R,/R.. This holds true unless both Y,, and R, are very low 
(where |/Y,, is about equal to R,). In such a case, a more accurate gain 


approximation Is 
R 


(7¥;,) F Re 


2-5.6. Single-Stage Common-Drain FET Amplifier (Source 
Follower) 


Figure 2-30 is the working schematic of a basic single-stage 
FET source-follower (Common-drain) circuit. Note that this circuit is similar 
to that of Fig. 2-26, except that input and output coupling capacitors C, 
and C, are added to prevent dc flow to and from external circuits. 
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Input 


Rs 
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Input to the source follower is applied between gate and ground across 
R.,. Output is taken across the source and ground. The input signal adds to, 
or subtracts from, the bias voltage across R,. Variations in bias voltage 
cause corresponding variations in J, and the voltage drop across R,. There- 
fore, the source voltage (or circuit output) follows the input signal waveform, 
and remains in phase. 

Variations in voltage drop across R, change the gate-source bias relation- 
ship, and tend to cancel the initial bias change caused by the input signal. 
This serves as a form of negative feedback to increase stability (and limit 
gain). 

The circuit of Fig. 2-30 is used primarily where high input impedance and 
low output impedance (with no phase inversion) are required, but no gain 
is needed. The source follower is the FET equivalent of the two-junction 
transistor emitter follower and the vacuum-tube cathode follower. 


2-5.6.1. Circuit Analysis 


The Q-point voltage at the circuit output (source terminal) is 
set by J, under no-signal conditions and the value of Ry. Since R, is typically 
small, the Q-point voltage is quite low in comparison to the common-source 
amplifier. In turn, the maximum allowable peak-to-peak output voltage is 
also low. For example, if the source is at | V with no signal, the maximum 
possible peak-to-peak output is less than 1 V. Of course, the value of R, can 
be increased as necessary to permit a higher output. 

The input and/or output impedances are set by the resistance values (R,, 
R,, and R,). However, there are certain limitations for R, imposed by trade- 
offs for impedance match and output Q point. 

For example, the output impedance is the parallel resistance combination 
of Rs and 1/Y,,. If Rs is made very small (less than 10 times) in relation to 
1/Y,,, the output impedance is approximately equal to Rs. A low value of 
R, decreases the source (output) voltage Q point, thus reducing output 
voltage swing. If R, is made large in relation to 1/Y,,, the output impedance 
is approximately equal to 1/ Y,,, and is subject to variation with frequency, 
and from FET to FET. 

There is no voltage gain for a source follower. Typically, the output 
voltage is about 0.6 times the input voltage, depending upon the ratio of 
1/¥,, to Rs. However, the source follower is capable of current gain, and 
thus power gain. For example, assume that | V is applied at the input and 
0.6 V is taken from the output. Furthermore, assume that the input imped- 
ance is 300 kQ, and the output impedance is 300Q. The input power is 
approximately 0.0033 mW, while the output power is about 1.2 mW, indicat- 
ing a power gain of about 350. 
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2-5.7. Single-Stage Common-Gate FET Amplifier 


Figure 2-31 is the working schematic of a basic single-stage 
FET common-gate amplifier. Note that the basic circuit is similar to that of 
Fig. 2-27, except that C, and C, are added to prevent dc flow to and from 
external circuits. 

Input is applied at the source, across a portion of R;. Typically, the value of 
Rs, 1s equal to Rs,, although some circuits divide the resistance value un- 
equally. The total value of R;(R,;, ++ Rs.) must be considered when cal- 
culating the dc characteristics of the circuit. Output is taken across the drain 
and ground. The input signal adds to or subtracts from the bias voltage 
across R,;. Variations in bias voltage cause corresponding variations in J, 
and the voltage drop across R,. The drain voltage (or circuit output) follows 
the input signal, in phase. 

Variations in voltage drop across R, change the gate-source bias relation- 
ship. This change in bias tends to cancel the initial bias change caused by the 
input signal, and serves as a form of negative feedback to increase stability 
(and limit gain). 


— Supply 


Fig. 2-31 Basic common-gate 
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The circuit of Fig. 2-31 is used primarily where low input impedance and 
high output impedance (with no phase inversion) are required. Gain is deter- 
mined (primarily) by circuit values, rather than FET characteristics. The 
common-gate amplifier is the FET equivalent of the two-junction transistor 
common-base amplifier and the vacuum-tube common-grid amplifier. 


2-5.7.1. Circuit Analysis 


Although the input and/or output impedances are set by the 
resistance values, the input impedance of the circuit is dependent upon the 
reciprocal of the Y,, (1/Y,,) factor. This is true unless the value of R, is 
many times (at least 10) that of 1/Y,,. 

Capacitor C, forms a high-pass RC filter with R,;,. Capacitor C, forms 
another high-pass filter with the input resistance of the following stage (or 
the load). Using a 1-dB loss as the low-frequency cutoff point, the value of 
C, 1s approximately 


where capacitance is in microfarads, F is the low-frequency limit in hertz, 
and R,, is in megohms. 


2-5.8. Basic FET Amplifier Without Fixed Bias 


Figure 2-32 shows a basic single-stage FET amplifier without 
fixed bias. Capacitors C, and C, prevent dc flow to and from external cir- 
cuits. The resistor R, provides a path for bias and signal voltages between 
gate and source. 

Input is applied between gate and ground across R, Output is taken across 
the drain and ground. The input signal adds to, or subtracts from, the bias 
voltage across R,. Variations in bias voltage cause corresponding variations 
in J, and the voltage drop across R,. Thus, the drain voltage (or circuit 
output) follows the input signal waveform, except that the output is inverted 
in phase. 

Variations in J, also cause variation in voltage drop across Ry, and a 
change in the gate-source bias relationship. The change in bias that results 
from the voltage drop across R, tends to cancel the initial bias change caused 
by the input signal, and serves as a form of negative feedback to increase 
stability (and limit gain). 

The major difference in the circuit of Fig. 2-32 and the FET amplifier with 
fixed bias is that the amount of J, at the QO point is set entirely by the value 
of R;. It may not be possible to achieve a desired J, with a practical value of 
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Fig. 2-32 Basic FET amplifier without fixed bias 


Rs. Thus, it may not be possible to operate at the zero-temperature-coeffi- 
cient point. If this is of less importance than minimizing the number of 
circuit components (elimination of one resistor), the circuit of Fig. 2-32 can 
be used in place of the fixed-bias FET amplifier. 


2-5.8.1. Circuit Analysis 


The input and/or output impedances are set by the resistance 
values of R,, R;, and R,. However, there are certain limitations for the resis- 
tance values imposed by tradeoffs (for gain, impedance match, operating 
point, etc.). 

For example, the value of R, sets the amount of bias, and thus the amount 
of J,. At the same time, the ratio of R,/R, sets the amount of gain. Going 
further, the value of R, sets the output impedance. If R, is changed to change 
the /,, both the gain and Q point will be changed. If R, is changed to match 
a given impedance, both the gain and Q point will change. 

The input impedance is set by R,. A change in R, will have little effect on 
gain, operating point, or output impedance. However, R, forms a high-pass 
RC filter with C,. A decrease in R, requires a corresponding increase in C, 
to accommodate the same low-frequency cutoff point. As a general rule, the 
value of R, is high (in the megohm range). This minimizes current drain on 
the stage ahead of the FET. 
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2-5.9. Basic FET Amplifier with Zero Bias 


Figure 2-33 is the working schematic of'a basic single-stage 
FET amplifier operating at zero bias and without feedback. Capacitors C, 
and C, prevent dc flow to and from external circuits. Resistor R,; provides a 
path for signal voltages between gate and source. 

Input to the amplifier is applied between gate and ground across R,. 
Output is taken across the drain and ground. Variations in gate voltage 
cause corresponding variations in J, and the voltage drop across R,. Thus, 
the drain voltage (or circuit output) follows the input signal waveform, except 
that the output is inverted in phase. 
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Fig. 2-33 Basic FET amplifier with zero bias 


Any FET will have some value of /, at zero V,,5. If the FET has charac- 
teristics similar to those of: Fig. 2-33, the J, will vary between about 1.75 
and 4 mA, depending upon temperature, and from FET to FET. Therefore, 
with a zero-bias circuit it is impossible to set the Q point /, at any particular 
value. Likewise, drain voltage Q point is subject to considerable variation. 
Since there is no source resistor, there is no negative feedback. Thus, there 
is no means to control this variation in /,. For these reasons, the zero-bias 
circuit it used where circuit stability is of no particular concern. 


2-5.9.]1. Circuit Analysis 


The input and/or output impedances are set by the values of 
R, and R,. However, as in the case of other circuits, there are tradeoffs for 
gain, impedance match, operating point, and so forth. 
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For example, the value of R, sets the amount of gain (with a stable Y,,) 
and the drain voltage operating point (with a stable /,). Thus, a change in 
Y,, (which is usually accompanied by a change in /,) causes a change in 
gain (and probably a shift in Q-point voltage). At best, the zero-bias voltage 
is unstable, even though the input and output impedances remain fairly 
constant. In analyzing the zero-bias circuit, both the minimum and maximum 
values of J, must be considered, as well as the minimum and maximum Y,,. 


2-6. MULTISTAGE AMPLIFIERS 


When stable voltage gains greater than about 20 are required, 
and it is not practical to bypass the emitter (or source) resistor of a single 
stage, two or more transistor amplifier stages can be used in cascade (where 
the output of one transistor is fed to the input of a second transistor). In 
theory, any number of two-junction or FET amplifiers can be connected in 
cascade to increase voltage gain. In practice, the number of stages is usually 
limited to three. The overall gain of the amplifier is equal (approximately) 
to the cumulative gain of each stage, multiplified by the gain of the adjacent 
stage. 

As an example, if each stage of a three-stage amplifier has a gain of 10, 
the overall gain is (approximately) 1000 (10 x 10 x 10). Since it is possible 
to design a very stable single stage with a gain of 10, and adequately stable 
stages with gains of 15 to 20, a three-stage amplifier could provide gains in 
the 1000 to 8000 range. Generally, this is more than enough voltage gain for 
most practical applications. Using the 8000 figure, a I-zV input signal (say 
from a low-voltage transducer or delicate electronic device) can be raised to 
the 8-mV range, while maintaining stability in the presence of temperature 
and power supply variations. 


2-6.1. Basic Considerations for Multistage Amplifiers 


Any of the single-stage amplifiers described in previous sec- 
tions of this chapter could be connected to form a two-stage or three-stage 
voltage amplifier. For example, the basic stage (without emitter or source 
bypass) can be connected to two like stages in cascade. The result is a highly 
temperature stable voltage amplifier. Since each stage has its own feedback, 
the gain is precisely controlled and very stable. 

It is also possible to mix stages to achieve some given design goal. For 
example, a three-stage amplifier can be designed using a highly stable, 
unbypassed amplifier for the first stage, and two bypassed amplifiers for the 
remaining stages. Assuming a gain of 10 for the unbypassed stage, and gains 
of 30 for the bypassed stages, this results in an overall gain of 9000. Of course, 


100 Audio-Frequency Amplifiers Chap. 2 


with the bypassed stages the gain is dependent upon the transistor charac- 
teristics (dynamic impedance, h,,, Y,,, etc.), and is therefore unpredictable. 
However, once the gain is established for a given amplifier, the gain should 
remain fairly stable. 

Since design of a multistage, capacitor-coupled voltage amplifier is essen- 
tially the same as for individual stages, no specific circuit example is given. 
In practical terms, each stage is analyzed and designed as described in pre- 
vious sections of this chapter. However, a few precautions must be con- 
sidered. 

Distortion and clipping. As in the case with any high-gain amplifier, the 
possibility of overdriving a multistage solid-state amplifier is always present. 
If the maximum input signal is known, check this value against the overall 
gain and the maximum allowable output signal swing. 

As an example, assume an overall gain of 1000 and a supply voltage of 
20 V. Typically, this implies a 10-V Q point (for the output collector or drain) 
and a 20-V (peak-to-peak) output swing (from 0 to 20 V). In practice, a 
swing from about | to 19 V is more realistic. Either way, a 20-mV (P-P) 
input signal, multiplied by a gain of 1000, will drive the final output to its 
limits, and possibly into distortion or clipping. 

Feedback. When each stage of a multistage amplifier has its own feedback 
(local or stage feedback), the most precise control of gain is obtained. How- 
ever, such feedback is often unnecessary. Instead, overall feedback (or loop 
feedback) can be used, where part of the output from one stage is fed back 
to the input of a previous stage. Usually, such feedback is through a resis- 
tance (to set the amount of the feedback), and the feedback is from the final 
stage to the first stage. However, it is possible to use feedback from one stage 
to the next (second stage to first stage, third stage to second stage, etc.). 

Feedback phase inversion. There is a problem of phase inversion when using 
loop or overall feedback. In a common-emitter or common-source amplifier, 
the phase is inverted from input to output. If feedback is between two stages, 
the phase is inverted twice, resulting in positive feedback. This usually pro- 
duces oscillation. In any event, positive feedback will not stabilize gain. The 
phase inversion problem can be overcome, when stages are involved, by 
connecting the output collector (or drain) of the second stage back to the 
emitter (or source) of the first stage. This will produce the desired negative 
feedback. 

As an example, if the base (or gate) of the first stage is swinging positive, 
the collector (or drain) of that stage will swing negative, as will the base (or 
gate) of the second stage. The collector (or drain) of the second stage will 
swing positive, and this positive swing can be fed back to the emitter (or 
source) of the first stage. A positive input at the emitter (or source) has the 
same effect as a negative at the base (or gate). Thus, negative feedback ts 
obtained. 
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Low-frequency cutoff. Unless direct coupling is used (as described in Chap- 
ter 4), coupling capacitors must be used between stages, as well as at the 
input and output. Such capacitors form a low-pass RC filter with the base- 
to-ground (or gate-to-ground) resistance. Thus, each stage has its own low- 
pass filter. In multistage amplifiers the effects of these filters are cumulative. 

As an example, if each filter causes a 1-dB drop at some given cutoff 
frequency, and there are three filters (one at the input and two between 
stages), the result is a 3-dB drop at that frequency in the final output. If this 
cannot be tolerated, the RC relationship must be redesigned. In practical 
terms, this means increasing the value of C, since a change in R will usually 
produce some undesired shift in operating point or other circuit charac- 
teristic. 


2-6.2. Direct-Coupled and Differential Multistage Amplifiers 


One method of eliminating the RC filter problem created by 
coupling capacitors is to use direct coupling. This eliminates the interstage 
coupling capacitor, as well as some of the interstage resistances. In addition 
to the direct-coupled amplifier, there are a number of transformerless mul- 
tistage circuits used to provide voltage, current, and even power amplification 
at audio frequencies. The circuits for the most important of these are the 
Darlington-pair configuration (compound), the phase inverter or splitter, 
the emitter-coupled amplifier, the transformerless series-output amplifier, the 
quasi-complementary amplifier, and the full-complementary amplifier. Since 
all these circuits involve some form of direct coupling, they are all discussed 
in Chapter 4, along with an analysis of FET multistage dc amplifiers. Due 
to their highly specialized nature, differential amplifiers used at audio fre- 
quencies (as well as any other frequency) are discussed in Chapter 5. 


2-7. MULTISTAGE AUDIO AMPLIFIERS WITH 
TRANSFORMER COUPLING 


Audio amplifier stages can be coupled by means of transform- 
ers. Iron-core transformers are used in the AF range, particularly when power 
amplification is required. (As discussed in Chapter 3, air-core, or open-coil, 
transformers are used at higher frequencies.) 

As is the case with any coupling method, transformers impose certain 
problems and have certain advantages. These factors can be traded off to 
meet a specific design need. 

Inductive reactance. One major problem with transformers is the inductive 
reactance created by the transformer windings. (Inductive reactance increases 
with frequency.) At high frequencies (beyond about 20 kHz) the inductive 
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reactance of iron-core transformers becomes so high that signals cannot 
pass, or are badly attenuated. For this reason, iron-core transformers are not 
used at higher frequencies. At low frequencies the reactance drops to near 
zero, even with iron cores. Since transformers are placed across (or in shunt 
with) the amplifier circuits, the transformer winding acts as a short at low 
frequencies. Therefore, if an amplifier must operate at very low frequencies 
(10 to 20 Hz), transformers of all types are usually avoided. For operation 
above the audio range, transformers are used less frequently (or air-core 
transformers are used). 

Size and weight. For a transformer to handle any large amounts of power 
or current, the winding wire must be large. Also, the iron core must be large. 
Both of these add up to bulk weight. Except in certain cases, the added 
weight of transformers defeats the purpose of compact, lightweight, solid- 
state equipment. 

Short-circuit burnout. Another problem with transformers is the danger of 
a short-circuited output, resulting in excessive (simultaneous) voltage and 
current in the transistor collector. There is very little voltage drop across a 
transformer winding in a transistor collector circuit (Compared to the drop 
across the load resistor in an RC or direct-coupled amplifier). Therefore, ifia 
short circuit in the output (say due to a short across the load) causes heavy 
current flow, the transistor can be damaged. 

Impedance matching. One of the major advantages to transformer coupling 
is the impedance-matching capability. The output impedance of'a typical RC 
amplifier is on the order of several hundred (or thousand) ohms (generally 
set by the output collector resistor value). In audio systems (particularly for 
voice and music reproduction) this large output impedance must be matched 
to 4-, 8-, and 16-Q loudspeaker systems. The severe mismatch results in 
power loss. With a transformer, the primary winding can be designed (or 
selected) to match the transistor circuit output impedance with the trans- 
former secondary matching the loudspeaker (or other load) impedance. 

Low supply voltage. Another major advantage of transformer coupling is 
caused by the low voltage drop across the transformer winding. Because of 
this low voltage drop, it is possible to operate a transformer-coupled ampli- 
fier with a much lower supply voltage than with an RC amplifier. As a rule 
of thumb, the transformer-coupled amplifier can be operated at one half the 
supply voltage required for a comparable RC amplifier. 

Typical uses. Transformers are often used in the audio-amplifier sections 
of transistorized radio receivers and portable hifi systems. In these applica- 
tions, very little power is required, so the transformers can be made compact 
and lightweight. Since there is no loss in impedance match and low voltage 
is required, the transformer-coupled circuits are ideal for battery operation. 
Transformers are also used in high-power, hifi-stereo systems and television 
audio sections where the added weight is of little consequence. 
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2-7.1. Circuit Analysis 


Figure 2-34 is the working schematic for a classic transformer- 
coupled audio amplifier. As shown, the circuit has a class A input or driver 
stage and a class B push-pull output stage. The class A stage provides both 
voltage and power amplification as needed to raise the low input signal toa 
level suitable for the class B power output stage. 

The class A stage can be transformer coupled or RC coupled at the input, 
as needed. Transformer coupling is used at the input where a specific imped- 
ance-match problem must be considered in design. The class A input stage 
can be driven directly by the signal source, or can be used with a preamplifier 
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Fig. 2-34 Transformer-coupled audio amplifier 


104 Audio-Frequency Amplifiers Chap. 2 


for very low level signals. When required, a high-gain voltage amplifier (such 
as described in previous sections of this chapter, and in Chapter 4) is used as 
a preamplifier. 

The push-pull output stage may be operated as a class B amplifier. That 
is, the transistors are cut off at the Q point and draw collector current only in 
the presence of an input signal. Class B is the most efficient operating mode 
for audio amplifiers, since it draws the least amount of current (and nocurrent 
where there is no signal). However, class B operation can result in crossover 
distortion, as discussed in Sec. 1-8.3. 

The effects of crossover distortion can be seen by comparing the input and 
output waveforms on Fig. 2-35a. In true class B operation, the transistor 
remains cut off at very low-signal inputs (because transistors have low current 
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gain at cutoff) and turns on abruptly with a large signal. As shown on Fig. 
2-35a, there is no conduction when the base-emitter voltage V,, is below 
about 0.65 V (for a silicon transistor). During the instantaneous pause when 
one transistor stops conducting and the other starts conducting, the output 
waveform is distorted. 

Note that distortion of the signal is not the only bad effect of this cross- 
over condition. The instantaneous cutoff of collector current can set up large 
voltage transients equal to several times the size of the supply voltage. This 
can cause the transistor to break down. 

Crossover distortion can be minimized by operating the output stage as 
class AB (or somewhere between B and AB). That is, the transistors are for- 
ward biased just enough for a small amount of collector current to flow at 
the Q point. Therefore, some collector current is flowing at the lowest signal 
levels, and there is no abrupt change in current gain. The effects of this are 
shown in Fig. 2-35b. Note that the combined collector currents result in a 
compositive curve that is essentially linear at the crossover point. This 
produces an output that is a faithful reproduction of the input, at least as far 
as the crossover point is concerned. Of course, class AB is less efficient than 
class B, since more current must be used. 

Some designers use an alternative method to minimize crossover distor- 
tion. This technique involves putting diodes in series with the collector or 
emitter leads of the push-pull transistors. Because the voltage must reach a 
certain value (typically 0.65 V for silicon diodes) before the diode will con- 
duct, the collector-current curve is rounded (not sharp) at the crossover 
point. 

Amplifier efficiency. The efficiency of an amplifier is determined by the 
ratio of collector input-to-output power. That is, an amplifier with 70 per 
cent efficiency will produce 7-W output for a 10-W input (with power input 
being considered as collector source voltage multiplied by total collector 
current). 

Typically, class B amplifiers can be considered as 70 to 80 per cent efficient. 
Class A amplifiers are typically in the 35 to 40 per cent efficiency range, with 
class AB amplifiers showing 50 to 60 per cent efficiency. 

In all cases, any amplifier circuit that produces an increase in collector 
current at the Q point will produce correspondingly lower efficiency. This 
results in a tradeoff between efficiency and distortion. 

The efficiency produced by a class of operation also affects the heat-sink 
requirements. Any design that produces more collector current at the QO 
point requires a greater heat-sink capability. As a rule of thumb, a class A 
amplifier requires double the heat-sink capability of a class B, all other factors 
being equal. 

Distortion of class B versus class AB. In practical terms, push-pull ampli- 
fiers are usually designed for true class B operation (transistors at or near 
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cutoff at the Q point), and are then tested (in experimental form) for distor- 
tion. If the distortion is severe, the base-emitter forward bias is increased so 
that some current flows at the Q point. Then the amplifier is again tested for 
distortion. The amount of forward bias is adjusted until the desired distortion 
is reached, or until there is a compromise between distortion and power 
output. This approach is usually more realistic than trying to design an 
amplifier for a given class of operation. 

Output power. The true.output power of an audio amplifier can be deter- 
mined by measuring the voltage across the load, and then solving the equa- 
tion 


ower output — ___ Voltage? __ 
P Pur = Toad impedance 

The output of a transformer-coupled amplifier is also related to the collec- 
tor current (produced by the signal) and the primary impedance of the 
transformer. In a push-pull amplifier, the relationship is 


2 : : 
power output — Surrent? x primary impedance 


In the single-ended amplifier, the relationship is 


power output — current, < primary impedance 


These relationships provide a basis for design of transformer-coupled 
amplifiers. ; 

Transformer characteristics. Audio transformers are listed by primary 
impedance, secondary impedance, and power-output capability. From a 
practical standpoint, it is not always possible to find an off-the-shelf trans- 
former with exact primary/secondary relationships at a given power rating. 
Most manufacturers will produce transformers with exact impedance rela- 
tionships on a special-order basis. However, this is usually not practical, 
except for special applications. Instead, the transformer is generally selected 
for exact secondary impedance and the nearest value of primary impedance 
within the given power rating. 

The following rules can be applied to selection of the transformers shown 
in Fig. 2-34. 

Push-pull output transformer 7,. The rated power capability of transformer 
T, should be about 1.1 times the desired power. The secondary impedance 
should match the load impedance (loudspeaker or other) into which the 
amplifier must operate. The primary impedance should be determined by 
maximum collector current passing through the primary windings and the 
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total collector voltage swing. The relationship is 


primary impedance — 4(supply voltage — min voltage) 
max current 

Minimum voltage can be determined by reference to the collector voltage— 
current curves for the transistors. As shown in Fig. 2-36, the minimum voltage 
point should be selected so that it is just to the right of the curved portion of 
the characteristics (where the curves start to straighten out). If curves are not 
available for the transistors, an arbitrary 2 V can be used for the minimum 
voltage. This will be satisfactory for most power transistors. 
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Fig. 2-36 Locating minimum 
collector voltage point on typical ' 5 10 15 20 25 30 
power transistor curves Vesilecie 

Maximum current can be determined by the total collector voltage swing 
and the desired power output. The relationship is 


max current = suc ee DOWEPOUIDUE x 
(supply voltage — min voltage) 

Push-pull input transformer 7,. Note that transformer T, is the input 
transformer for the push—pull output stage, and the output transformer for 
the single-ended driver. The secondary impedance should be chosen to match 
the signal input impedance of the push-pull stage, whereas the primary of T, 
is chosen to match the driver output. 

The rated power capability of T, should be equal to the input power of the 
driver stage (which is generally about three times the output to the push—pull 
stage). 

The total secondary impedance of T, should be four times the signal imped- 
ance of Q, and Q,. This input impedance is found by dividing signal voltage 
by signal current. 
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Fig. 2-37 Curves showing base voltage and current versus collector 
current for typical power transistor 


The signal voltage and current are dependent upon the desired amount of 
collector signal current. In turn, the collector signal current is dependent 
upon the desired power output (from Q, to Q,;) and the primary impedance 
of T, (total primary impedance). The relationship is 


collector signal current = __8 X power output 
total primary impedance 


With the required collector signal current established, the input signal 
voltage and current for Q, and Q; can be found by reference to the transfer 
characteristic curves. Transfer curves are usually provided on power transistor 
datasheets. Typical transfer characteristics for power transistors are shown 
in Fig. 2-37. These characteristics illustrate the required base-emitter voltage 
(or signal voltage) and base current (or signal current) for a given collector 
current. 

An additional factor must be considered in establishing signal voltage. 
The base-emitter voltages shown in Fig. 2-37 can be considered as the signal 
voltages only when the emitters of Q, and Q, are connected directly to 
ground. If emitter resistors (R, and R,) are used to provide feedback sta- 
bilization, the voltage developed across the emitter resistors must be added 
to the base-emitter voltage to find a true signal voltage. 

The values of R, and R, are chosen to provide a voltage drop approximately 
equal to the base-emitter voltage when the collector signal current is passing 
through the emitter resistors. Since the base-emitter voltage of a silicon 
power transistor is typically less than 1 V, the values of R, and R, can arbi- 
trarily be set to provide between a 0.5- and 1-V drop with normal collector 
signal current. 

The primary impedance of T, should match the output of Q,. The relation- 
ship is 
supply voltage — min voltage 


rimary impedance = 
P ome collector current at Q point 
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However, for practical design it is generally easier to select the transformer 
on the basis of secondary impedance and power rating, and then adjust the 
Q, output to match a primary impedance available with an off-the-shelf 
transformer. Note that a large primary impedance requires a high supply 
voltage for a given collector current. It may be necessary to trade off between 
supply voltage, available primary impedances (for off-the-shelf transformers 
with correct secondary impedance and power rating), and collector current. 

Once the primary impedance of 7, is established, the collector signal cur- 
rent for Q, can be determined. The relationship is 


2 X power output 
collector signal current = ——*———_—_>*— 
primary impedance 
The power output from Q, must equal the required power input for Q, 
and Q,. This power is determined by 


power input = signal voltage x signal current 


Input transformer 7,. As shown in Fig. 2-34, transformer 7, can be omitted 
if the RC circuit is used. Generally, the transformer-coupled circuit is used if 
it is of particular importance to match the impedance of the signal source to 
the amplifier. When used, the primary impedance of 7, should equal that of 
the signal source. The secondary of 7, should match the signal input of Q,. 
The signal input impedance is found by 


signal input impedance — signal voltage 
signal current 

The signal (input) voltage and current are dependent upon the desired 
amount of collector signal current for Q, (previously established in calculat- 
ing the secondary impedance of T,). With the required collector signal current 
established, the input signal voltage and current for Q, can be found by 
reference to the transfer characteristic curves. 

If emitter resistor R, is used to provide feedback stabilization, the voltage 
developed across the emitter resistor must be added to the base-emitter 
voltage to find a true signal voltage. The value of R,; can be selected to pro- 
vide between 0.5- and 1-V drop with normal collector signal current (as 
discussed for emitter resistors R, and R,). 

If transfer characteristic curves are not available for Q, (as is sometimes 
the case for low-power transistors), it is still possible to find the approximate 
signal voltage and current required to produce the necessary output. Signal 
voltage can be approximated by assuming that the base-emitter drop is 
0.5 V. This must be added to any drop across emitter resistor R,; (arbitrarily 
chosen to be between 0.5 and 1 V). Signal current can be approximated by 
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dividing the desired collector signal current by beta of Q,. Of course, since 
beta is variable, the input signal current can only be a rough estimate. 

Supply voltage. The source voltage required for Q, is approximately double 
that required for QO, and Q,. However, since all three transistors are operated 
from the same supply, the source voltage is chosen to match the requirements 
of O,. As a guideline, 


3 to 9 V is used for power outputs up to 2 W 
6 to 15 V for power up to 20 W 
15 to 50 V for power up to 50 W 


These rules apply to the output of Q,. Transistors Q, and Q, require 
approximately one half the voltage. For example, if Q, is to deliver 20 W 
(by itself), 6 to 15 V is required. If Q, and Q, are to deliver the same 20 W, 
the voltage required will run between 3 and 7.5 V. 

In any amplifier circuit, a higher supply voltage permits lower currents 
(and vice versa), all other factors being equal. 

Transistor selection. Both frequency limit and power dissipation must be 
considered in selecting transistors. In any audio system the transistors should 
have an f,, (Sec. 2-3.1.1) higher than 20 kHz, and preferably higher than 
100 kHz. The power dissipation of Q, should be at least three times the 
required output of Q,. The power dissipation of Q ,and Q, should be between 
1.3 and 1.5 times the required output of the amplifier circuit (at 7;). If any 
power dissipation exceeds about | W, heat sinks will be required. Refer to 
Sec. 2-3.1.3. 

Base bias resistances. Resistors R,, R,, and R, serve to drop the supply 
voltage to a level required at the transistor bases. 

The drop across R, should (in theory) bias Q, and Q, at cutoff. That 1s, 
no base current should flow except in the presence of a signal. This is not 
true in a practical circuit, since the complete absence of base current will 
result in no drop across R,. Also, such a bias condition will usually result in 
crossover distortion. As a starting point for Q, and Q, bias values, assume 
that a small residual base current is going to flow in each transistor. The 
value of this residual current can be assumed (arbitrarily) as 0.1 times the 
normal signal current. The combined residual currents of Q, and Q, flow 
through R,. The value of R, is calculated by 


R. = supply voltage 
4 ~~ 2 x residual current 


If transformer 7, is used, resistor R, is omitted. Under these conditions, 
the drop across R, should bias Q, at the operating point. The base current 
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of QO, flows through R, and produces the drop. The base current used to 
calculate the QO, input impedance can be used as a starting point for the R, 
value. The relationship is 


R. — supply voltage 
‘base current 


If transformer T, is not used, resistor R, is added. The value of R, deter- 
mines the approximate input impedance of the amplifier, and is generally 
so selected. Typically, R, is greater than 500 Q, and less than 20 kQ. When 
R, is used, the voltage drop from base to ground will also appear across 
R,, resulting in some current flow through R,. This current flow must be 
added to the base current in calculating the value of R,. 

Coupling capacitor. When transformer 7, is used, capacitor C, is omitted. 
When used, C, forms a high-pass filter with R,, producing some loss at the 
low-frequency end of the audio range. Using a I-dB loss as the low-frequency 
cutoff point, the value of C, can be found by 


] 


capacitance (F) = 3.2 frequency (Hz) x resistance (Q) 


2-7.2. Single-Ended Class B Audio Amplifier 


It is possible to have a class B audio amplifier with two tran- 
sistors, but without an output transformer. Such an arrangement is generally 
referred to as single-ended class B, and is shown in Fig. 2-38. An interstage 
transformer T, is required. However, transformer T, need not carry the heavy 
current load found in the output transformer of a typical class B amplifier 
(Fig. 2-34). 

In the circuit of Fig. 2-38, Q, is biased as class A, with Q, and Q, biased 
class B (or with some current flowing to eliminate crossover distortion). 
The polarities of the 7, windings are arranged so that OQ, and Q, conduct 
on alternate half-cycles. The series connection of Q, and Q, causes the signal 
current to flow through the load (loudspeaker) in opposite directions on 
alternate half-cycles. In this way, the loudspeaker is driven as if from a push— 
pull amplifier. One problem with the circuit of Fig. 2-38 is that a short in the 
load will produce heavy current, without reducing the collector voltage. 
This can result in the destruction of the transistors, as is the case with trans- 
former-output class B circuit. The destructive condition is known as secon- 
dary breakdown or second breakdown, and results from a sudden channeling 
of collector current into a localized area of the transistor. Secondary break- 
down can be prevented (or minimized) by limiting the collector current— 
voltage product. Likewise, there are some short-circuit protection circuits, 
such as described in Chapter 4 for the direct-coupled audio amplifiers. 
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Fig. 2-38 Class B audio amplifier without an output transformer (single 
ended) 


2-8. AUDIO-AMPLIFIER OPERATING AND ADJUSTMENT 
CONTROLS 


The most common operating controls for audio circuits used 
with music or voice reproduction equipment (hi-fi, stereo, public address, 
etc.) are the volume or loundness control, the treble control, and the bass 
control. The other most common audio control is the gain control (found on 
such circuits as operational amplifiers, power control amplifiers, etc.). 

The gain and volume controls are often confused, since they both affect 
output of the amplifier circuit. A true gain control sets the gain of one stage 
in the amplifier, thus setting the overall gain of the complete amplifier. A 
true volume control sets the /evel of the signal passing through the amplifier, 
without affecting the gain of any or all stages. A gain control is usually 
incorporated as part of a stage, whereas a volume control is usually found 
between stages, or at the input to the first stage. 

In addition to volume, bass, and treble controls, most stereo amplifier 
systems have some form of balance control (so that both channels of audio 
can be balanced). Also, most stereo-hifi systems have a form of playback 
equalization (for tape and phonograph playback). In the following para- 
graphs we shall concentrate on analysis of the basic operating and adjustment 
controls to see how they affect the related audio-amplifier circuit. 
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2-8.1. Volume-Control Circuit Analysis 


As shown in Fig. 2-39, the basic volume control is a variable 
resistor or potentiometer connected as a voltage divider. The voltage output 
(or signal level) is dependent upon the volume-control setting. 

If the audio circuit is to be used with voice or music, the volume control is 
usually of the audio taper type where the voltage output Is not linear through- 
out the setting range. (The resistance element is not uniform.) This produces 
a nonlinear voltage output to compensate for the human ear’s nonlinear 
response to sound intensity. (The human ear has difficulty in hearing low- 
frequency sounds at low levels, and responds mainly to the high-frequency 
components.) Generally, the audio taper controls used with transistors are 
of the type where large changes are produced at the high-loss end. Audio 
taper potentiometers are also used with bass and treble controls, as is dis- 
cussed in later paragraphs. 
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Fig. 2-39 Basic volume-control 


circuit and equations C in farads, F in hertz, R in ohms 


If the audio circuit is not used with voice or music, the volume control is 
usually of the linear type (unless there is some special circuit requirement). 
With such a control, the actual voltage or signal is directly proportional to 
the control setting. 

No matter what type of volume control is used, it should be isolated from 
the circuit elements. If a volume control is part of the circuit (such as the 
collector or base resistance), any change in volume setting can result in a 
change of impedance, gain, or bias. The simplest method for isolating a 
volume control is to use coupling capacitors, as shown in Fig. 2-39. However, 
the capacitors create a low-frequency response problem. As in the case of 
coupling capacitors described in previous sections, capacitor C, forms a 
high-pass RC filter with volume potentiometer R,. Coupling capacitor C, 
forms another high-pass filter with the input resistance of the following stage. 
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The volume control should be located at a low-signal-level point in the 
amplifier circuit. The most common location for a volume control is at the 
amplifier input stage, or between the first and second stages. 

When a volume control is located at the amplifier input, the control’s 
resistance forms the input impedance (approximately). Volume controls are 
available in standard resistance values. Select the standard resistance value 
nearest the desired impedance. 

When a volume control is located between stages, the resistance value 
should be selected to match the output impedance of the previous stage. 
Use the nearest standard resistance value to produce the least loss. 

Very little current is required for a volume control that is isolated as shown 
in Fig. 2-39. Therefore, the power rating (in watts) required is quite low. 
Usually, 1 or 2 W are more than enough for any volume control used in 
transistor audio-amplifier circuits. Wirewound potentiometers should not be 
used for any audio application. The inductance produced by wirewound 
potentiometers can reduce the frequency response of the circuit. 

Figure 2-39 shows the equations for low-frequency cutoffi versus RC 
value relationships of typical audio volume controls. Note that these are the 
same as for high-pass filters discussed in previous sections. 

Volume control using attenuators and pads. In some applications the volume 
of audio signals is controlled by various attenuators and pads (such as T, L, 
O, and H pads). These attenuators and pads are made up of several inter- 
related resistances, all mechanically coupled to a common control shaft. 
Such attenuators and pads are commercially available, and no detailed 
analysis will be given here. Further information on attenuators and pads is 
available in the author’s Handbook of Electronic Charts, Graphs, and Tables 
(Prentice-Hall, Inc., Englewood Cliffs, N.J., 1970). 


2-8.2. Gain-Control Circuit Analysis 


As shown in Fig. 2-40, the basic gain control is a variable 
resistance or potentiometer, serving as one resistance element in the amplifier 
circuit. Any of the three resistors (base, emitter, or collector) could be used 
as the gain control, since stage gain is related to each resistance value (all 
other factors remaining constant). However, the emitter resistance is the most 
logical choice for a gain control. If the collector resistance is variable, the 
output impedance of the stage will change as the gain setting is changed. A 
variable base resistance will produce a variable input impedance. A variable 
emitter resistance (or source resistance in the case of a FET) has minimum 
effect on input or output impedance of the stage, but directly affects both 
current and voltage gain. 

With all other factors remaining constant, a decrease in emitter resistance 
raises both current gain and voltage gain. An increase in emitter resistance 
lowers stage gain. 
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The resistance value of an emitter (or source) gain control should be chosen 
on the same basis as the emitter (or source) resistor, except that the desired 
value should be the approximate midpoint of the control range. For exam- 
ple, if a 500-Q fixed resistor is normally used (or if 500 Q is the calculated 
value for proper stage gain, bias stability, etc.), the variable gain control 
should be 1000 Q. 

In practical applications it is usually desirable to connect an emitter gain 
control in series with a fixed resistance. If the gain control is set to the mini- 
mum resistance value of 0 Q, there will still be some emitter resistance to 
provide gain stabilization and prevent thermal runaway. As a guideline, the 
series resistance should be no less than one twentieth of the collector resistor 
value. This will provide a maximum stage gain of 20. 

If the gain control must provide for reduction of the stage voltage gain 
from some nominal point down to unity, the maximum value of the control 
should equal the collector resistance. 

If reduction to unity current gain is desired, the maximum value of the 
control should equal the input (base) resistance. 

An audio taper potentiometer should not be used as a gain control, unless 
there is some special circuit requirement. However, the potentiometer used 
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should be of the noninductive composition type. The wattage rating of an 
emitter (or source) gain control should be the same as for an emitter (or 
source) resistor. Usually, | or 2 W are sufficient for any stage of a voltage 
amplifier. Use of a gain control in a power amplifier should be avoided. If a 
gain control must be used in power amplifiers, the control should be incor- 
porated in the input stage where emitter current is minimum. 


2-8.3. Tone- and Balance-Control Circuit Analysis 


Tone (treble and bass) controls are found in most hi-fi ampli- 
fier systems. Balance controls are used only in stereo amplifiers to balance 
the gain of both channels. 

A treble control provides a means of adjusting the high-frequency response 
of an audio amplifier. Such adjustment may be necessary because of varia- 
tion in response of the human ear, or to correct the frequency response of a 
particular recording. 

A bass control provides a means of adjusting the low-frequency response 
of an audio amplifier. Such adjustment may be necessary because of varia- 
tions in response of the human ear. As discussed, the human ear does not 
respond as well to low-frequency sounds at low levels as it does to high- 
frequency sounds at the same level. Also, coupling capacitors present high 
reactance to low-frequency signals. Both of these conditions require that the 
low-frequency signals be boosted (in relation to high-frequency signals). 

There are many circuit arrangements for tone controls. Some involve the 
use of adjustable feedback (mainly in treble controls). Other circuits involve 
bypassing coupling capacitors with adjustable reactances (mainly in bass 
controls). However, the most common tone controls are RC filters using 
audio taper potentiometers as the adjustable R portion of the filter. 

A typical tone-control network is shown in Fig. 2-41. This network is used 
in a stereo preamplifier. Although each stereo channel has its own tone 
controls, only one channel is shown. The tone control network of the second 
channel (not shown) is connected by means of the balance control R,,. In 
theory, the arm of R,, should be set to the exact midpoint. However, in a 
practical amplifier the gain of each channel is not exactly the same. Thus, 
R,, must be offset from the midpoint to balance both channels. 

The bass and treble tone controls, R,, and R,;, are standard audio taper 
potentiometers. At 50 per cent rotation, the resistance is split, 90 per cent on 
one side of the wiper and 10 per cent on the other side. The relationship 
between wiper position and resistance 1s shown in Fig. 2-42. 

In the bass-control circuit, when the control is in the center position the 
frequency response is flat from about 50 Hz to 20 kHz. This is shown in Fig. 
2-43. The reactance of C,, is made equal to the 45-kQ portion of R,, at 50 
to 60 Hz, and the reactance of C,, is made equal to the 5-kQ portion of R,, 
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Fig. 2-43 Normalized tone-control frequency-response curves 


at 50 to 60 Hz. As frequency increases from 50 Hz, C,, couples more signal 
to the output, while C,, shunts more signal to ground through R,;. The net 
effect is a flat response from about 50 Hz to 20 kHz with a 20-dB insertion 
loss. 

When the wiper of R,, is in the boost position, C,, with a reactance one- 
tenth the resistance of R,, at 50 to 60 Hz effectively shunts R,, out of the 
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circuit, making R,, and C,, the dominant frequency response shaping 
components. Ideally, the full bass boost position will supply an output 
voltage (at about 50 Hz) that is 20 dB greater than the center position (flat 
response). 

The full boost position represents zero attenuation in the tone control of 
the bass frequencies. The amplitude of the output will decrease at a 6 dB per 
octave rate to the frequency where the reactance of C,, is negligible. The 
output amplitude is then determined by the ratio of R,, to R,;3. 

When the wiper of R,, is in the “full cut” position, the output amplitude 
at about 50 Hz is determined by the ratio of C,, reactance to R,; resistance, 
and is about 40 dB below the input voltage. As frequency is increased, the 
reactance of C,, decreases until it is equal to the resistance R,;,, again making 
the output amplitude dependent upon the ratio of R,, to R,3. 

When R,, is in an intermediate position, the frequency at which rolloff 
begins (+3 dB from the flat response curve) will vary, but the slope of the 
rolloff will change only slightly. Figure 2-43a shows the response of the bass 
control. The boost-cut axis uses the flat response position as the reference 
point or 0 dB, although, in fact, the point is 20 dB below the input signal 
(due to the approximate 20-dB insertion loss of the tone-control network). 

The treble-control response curve is shown in Fig. 2-43b. At frequencies 
below about 2.1 kHz, the reactances of C,, and C,, become small when 
compared to the parallel divider combination of the control R,, and fixed 
resistance R,, and R,,. The resistive divider then provides the 10-to-1 volt- 
age division to maintain the 20-dB insertion loss for the high frequencies. 
The net result is a 20-dB loss that is flat from about 20 Hz to 20 kHz. 

The reactance of C,, should be about one half the resistance values of R,, 
at a frequency of 2.1 kHz (or about 25 kQ). Thus, as shown by the equation 
of Fig. 2-41, 159/25kQ x 2.1 = 0.003 wF. The value of C,, should be 
about 10 times the value of C,;, or 10 x 0.003 = 0.03 wF, to maintain the 
10-to-| voltage division. 

The resistance of R,, is approximately one tenth the control (R,;) resis- 
tance, with the R,, resistance approximately 80 per cent of R,,. Resistors Ry, 
and R,, are isolation resistors made equal to 10 per cent of the resistance of 
the respective control potentiometers R,, and Rs. 


2-8.4. Playback-Equalization Network Circuit Analysis 


There are many playback network circuits found in modern 
audio amplifiers. Most involve the use of frequency-selective feedback be- 
tween stages, or from the output to the input of an amplifier. A typical feed- 
back network consists of resistances and capacitances that form a feedback 
circuit. At any given frequency, the amount of feedback (and thus the fre- 
quency response) is set by selection of the appropriate RC combinations. As 
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frequency increases, the capacitor reactance decreases. This results in a 
change of feedback (and frequency response). 

The basic playback-equalization network using feedback is shown in Fig. 
2-44. The voltage gain of two stages with feedback is approximately equal to 
the impedance of the feedback circuit divided by the source impedance. In 
this case, the source impedance is the emitter resistance R, value. The feed- 
back impedance Z, is the vector sum of the potentiometer R, resistance value 
and the capacitor C, reactance value. The voltage gain of the two stages can 
be set to any desired level for any given frequency by means of the feedback 


circuit. 
Feedback 
oN, 


R- ~ Re X maximum desired voltage gain 
ie 1 Fig. 2-44 Basic playback- 
F 125 x Re x high-frequency limit (Hz) equalization network 

A more sophisticated playback-equalization network is shown in Fig. 
2-45. This network is used in the same stereo preamplifier as discussed in 
Sec. 2-8.3, and forms a feedback circuit around one section of the pream- 
plifier. In this case, the preamplifier is a differential IC, such as is described 
in Chapter 5. 

The closed-loop (with feedback) voltage gain of the preamplifier section is 
set by the ratio ofithe feedback network to resistor R,. The feedback (or 
playback-equalization) network for phonograph use is composed of C3, 
C,, R;, and R,, whereas the tape network is composed of R;, Cs, and C;. 

RIAA playback equalization is used for the phonograph network. The 
standard RIAA equalization curve is shown in Fig. 2-46. The recording curve 
is the inverse of the playback curve, so that addition of the two gives a net 
flat frequency-versus-amplitude response. In phonograph recording, the 
high frequencies are emphasized to reduce effects of noise and low inertia 
of the cutting stylus. The low frequencies are attenuated to prevent large 
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Fig. 2-45 Playback-equalization network for pnonograph (RIAA) and 
tape (NAB) recordings 


excursion of the cutting stylus. It is the job of the frequency-selective feedback 
network to accomplish the addition of the recording and playback responses. 

It is impossible to have the playback network be the exact inverse of the 
recording compensation, since each recording system is slightly different. 
However, there are optional guidelines that can be applied. A typical audio 
range is from 20 Hz to 20 kHz. Thus, there is a rolloff at both the low and 
high ends. At the low end, the rolloff should start at some point between 10 
and 20 Hz. This can be accomplished by making the 10-Hz point about 3 dB 
down from the 20-Hz point. As frequency increases from 20 Hz, there must 
be an almost linear (hopefully) rolloff. Ideally, the voltage gain at 20 Hz 
should be 100 times the gain at 20 kHz, and 10 times the gain at | kHz. This 
will produce the approximate RIAA curve of Fig. 2-46. 
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In the circuit of Fig. 2-45, the linear rolloff is accomplished by dividing 
the playback network into three parts. The R,C, section sets the 10-Hz 
point at 3 dB down from the 20-Hz point, the R,C, section covers frequencies 
up to about | kHz, and the R,C, network covers higher frequencies. 

The value of R,; should be 1000 times the desired voltage gain at 1 kHz, 
while the value of R, should be 15 kQ times that of R,. The value of R, is 
also based on the value of R,, and is selected to provide the desired I-kHz 
voltage gain (of 50 in this case). That is, the R,/R, ratio sets the I-kHz 
voltage gain. 

The preamplifier of Fig. 2-45 produces an arbitrary minimum voltage 
gain of 5 at the highest frequencies (20 to 24 kHz). Most of the gain for the 
complete system is provided by another broadband amplifier (not shown). 
Using a minimum gain of 5 at the highest frequency, the gain at 20 Hz must 
be 100 times that amount, or 500. Likewise, the gain at | kHz must be 50. 
Using these desired gains, the value of R, is 1000 x 50 = 50 kQ (use a 51- 
kQ standard). With R, at 50 kQ, the value of R, is 15 x 50 = 750 kQ; and 
the value of R, is 50 kQ/50 = 1 kQ. 

At low frequencies, the predominant impedance of the compensation 
feedback network is that of R,. As frequency increases from about 50 Hz, . 
the reactance of capacitor C, in parallel with R, begins to decrease the imped- 
ance of the C,R, section. The reactance of C, is made to equal R, at about 
35 to 40 Hz. At about | kHz, the net impedance of C,R, is low compared 
to R;,, and R, sets the midband gain. As frequency increases to about 2 kHz, 
the parallel impedance of capacitor C, begins to shunt R,, decreasing the 
impedance of the C,R,; section. The reactance of C,; is made equal to R; at 
about 2.] kHz. 
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Fig. 2-47 NAB playback-equalization curve 


Note that the equation shown on Fig. 2-45, based on frequency break- 
point and corresponding resistor, is used to find the values of C,, C;, and C,. 

NAB playback equalization is used for the tape network. The standard 
NAB equalization curve is shown in Fig. 2-47. Again, the recording curve Is 
the inverse of the playback curve so that addition of the two gives a flat 
response. Likewise, the high frequencies are emphasized and the lows are 
attenuated. However, unlike phonograph playback, tape playback tends to 
flatten out after about 3 to 4 kHz. Also, a different response is required for 
different tape speeds. The playback response curves for both 33 and 74 IPS 
(inches per second) are shown in Fig. 2-47. Up to about | kHz, the curves 
are almost identical. Because there is only one frequency breakpoint (where 
the curve must start to flatten) for each tape speed, a simple RC series com- 
pensation network is all that is required (instead of the multisection network 
used for phonograph playback). 

The breakpoint for 33 IPS occurs at about 1.85 kHz. The midband fre- 
quency gain Is still 50, so the value of R, remains at | kQ, and R, is made 
equal to R,, or 51 kQ. The reactance of C, is made equal to 51 kQ (R,) at 
1.85 kHz (the nearest standard value is 0.0015 yF). 

The breakpoint for 74 IPS is at about 3.2 kHz so that C; must have a 
reactance of 51 kQ at this frequency. A C, capacitor value of 910 pF is the 
nearest standard. 

Because C, and C, block the direct current path for the IC preamplifier 
feedback input, resistor R, is added when the phono-tape switch is in either 
tape position. The use of R, prevents realization of a full 20-dB bass boost 
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because of the shunting action across the tape compensation network. How- 
ever, the network does provide about 15 dB of boost, which is generally 
satisfactory. 

It should be noted that the accuracy of both the RIAA and NAB com- 
pensation will be only as good as the components used. In a practical ampli- 
fier it is usually recommended that 5 per cent (or better) tolerance resistors 
and capacitors be used. Likewise, it may be necessary to “trim” the values 
to get an “exact” performance curve (required for truly good hi-fi perfor- 
mance). 


2-9. TUNED AUDIO AMPLIFIERS (ACTIVE FILTERS) 


In addition to passive audio filters (either LC or RC), it is 
possible to use amplifiers to form active filters. There are prime advantages 
in using these active filters. First, it is possible to obtain the equivalent of 
of an inductive reactance, without actually using a heavy and bulky induc- 
tance required for a typical LC filter. (LC filters are generally not practical 
in the AF range). Second, the use of an active filter eliminates the signal loss 
normally associated with passive filters (either RC or LC). 

There are two common approaches to active filters. One approach in- 
volves the use of operational amplifiers with feedback networks. Such 
active filters are described in Chapter 6. The other approach is to use low- 
gain amplifier stages with simple RC feedback networks. This latter approach 
is described in the following paragraphs. 


2-9.1. Active Low-Pass (High-Cut) Filter 


Figure 2-48 shows the basic circuit of an active low-pass filter, 
together with the corresponding characteristic curves for several sets of 
component values. Note that these values are approximate and will usually 
require trimming to achieve an exact curve. The typical voltage gain is 
slightly less than | (unity) for transistors with a minimum beta of 20. 

The amount of gain, as well as the shape of the curves, is set by the amount 
of feedback in relation to signal (which, in turn, is set by component values). 
Note that the feedback is positive, and thus adds to the signal. However, the 
feedback amplitude (across the entire frequency range) is just below the 
point necessary for oscillation. The circuit of Fig. 2-48 is an emitter follower, 
which typically has no voltage gain. 

The circuit of Fig. 2-48 requires a bias of approximately —10 V (one half 
the —20-V supply) at the input. This can be obtained from a previous stage. 
If no such stage exists, the bias can be obtained by the addition of the 20-kQ 
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Fig. 2-48 Active low-pass (high-cut) filter and corresponding response 
curves 


resistor (Shown in phantom as R,;) and by changing the value of R,y to 20 kQ. 
Such an arrangement will introduce a loss of about 6 dB. Therefore, it is 
better to operate the circuit of Fig. 2-48 by direct coupling from the output 
of a previous stage. 


2-9.2. Active High-Pass (Low-Cut) Filter 


Figure 2-49 shows the basic circuit of an active high-pass filter, 
together with characteristic curves. The circuit of Fig. 2-49 is the inverse of 
the Fig. 2-48 circuit. That is, the Fig. 2-49 circuit uses capacitors in series 
with the base, with feedback obtained through R, rather than C,. The gain 
and shape of the curves is set by the amount of feedback (determined by 
circuit values). 
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Fig. 2-49 Active high-pass (low-cut) filter and corresponding response 
curves 


2-9.3. Active Bandpass Filter 


The circuits of Fig. 2-48 and 2-49 can be cascaded to provide 
a bandpass filter. Any of the curves can be used. However, curve 3 is the most 
satisfactory, since it has the sharpest break at cutoff. Curves 1 and 2 have 
considerable slope with no sharp break. Curve 4 produces some peaking at 
the breakpoints. 
If the circuits are cascaded, the low-pass filter (Fig. 2-48) should follow the 
high-pass filter (Fig. 2-49). This provides the necessary bias at the input of 
the low-pass filter (—10 V from the emitter of the high-pass filter). 
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Fig. 2-50 Active peaking filter and corresponding response curve 


2-9.4. Active Peaking Filter, 


The circuits of Figs. 2-48 and 2-49 can be cascaded to provide a 
peaking filter with the proper selection of components. However, a single- 
stage tuned amplifier will produce the same results. Such a circuit is shown in 
Fig. 2-50. 

As shown by the characteristic curve, the center or peak frequency is 
approximately | kHz. If desired, the center frequency can be changed by as 
much as 3 decades when both capacitors are changed by a common factor. 
However, in a practical circuit the input resistance values will require some 
trimming. 
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Note that the characteristic curve shows a gain of approximately 24 dB. 
This is a no-load voltage gain at the peak or center frequency. If the circuit 
is loaded, as it must be in any practical application, the gain will be reduced. 
(Ideally, the circuit should work into an approximate 10-kQ load.) Although 
there is a reduction in gain for a load, the shape of the output peak should 
remain substantially the same. 


2-10. TRANSFORMERLESS PHASE INVERTER 


From the discussion of transformer-coupled, push-pull audio 
circuits (Sec. 2-7), we may gather two facts concerning the signal input to 
the bases of the power transistors. First, the signal voltage applied to each 
base must be approximately equal in amplitude. Second, since the base of 
one transistor swings toward the positive as the base of the other swings 
negative, these signal voltages must be 180° out of phase with each other. 
This is accomplished by the center-tapped secondary winding of the input 
transformer. 

The same result can be accomplished with a stage of resistance-coupled 
amplification, called a phase inverter. (See Fig. 2-51.) In a common-emitter 
amplifier with a resistive load, the collector and emitter are 180° out of phase 
with each other. If the input signal voltages for a push—pull stage are obtained 
from these two points (collector and emitter), we have the necessary 180° 
out-of-phase relationship. Also, since approximately the same collector 
current flows through R, and R,, if their resistances are equal, the voltage 
drops will be equal. That is, point A becomes as much negative as point B 
becomes positive. 

In the circuit of Fig. 2-51, resistors R, and R, form the voltage divider that 
forward biases the emitter—base junction of Q,. The collector resistor Re 
and the emitter resistor R, are equal in value, as are the coupling capacitors 


Out to push-pull stage 


Fig. 2-51 Transformerless 
phase-inverter stage 
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C, and C,. Note that R, is unbypassed. This provides inverse-current feed- 
back that reduces distortion and stabilizes gain. 

The main advantage for using a phase-inverter stage is to eliminate the need 
for the input transformer. This results in a smaller, lighter, and less expensive 
amplifier, and eliminates the transformer’s magnetic field (which can pro- 
duce distortion of the signal, unless the transformer is properly shielded). 


2-11. INTEGRATED-CIRCUIT AUDIO AMPLIFIERS 


There are a great variety of audio amplifiers available in JC 
form, or in Aybrid form. Such hybrid circuits consist of resistors, capacitors, 
diodes, and transistors, all contained in a single, hermetically sealed package. 
Hybrid circuits are similar to integrated circuits (Cs) except /Cs usually are 
complete functioning circuits. 

Most JC and hybrid audio amplifiers involve some form of direct coupling 
and/or differential amplifiers. For that reason, these audio circuits are dis- 
cussed in their related chapters, 4 and 5. 


3. RADIO-FREQUENCY 
AMPLIFIERS 


When electrical signals reach frequencies of about 15 kHz 
and higher, they take on the properties of radio-frequency or RF signals. 
That is, the signals generate electromagnetic radio waves, which are radiated 
(transmitted) from the conductor. Amplifiers designed to amplify signals of 
such frequencies are known as RF amplifiers. Useful radio frequencies may 
be as high as several thousands of megahertz (MHz) or several gigahertz 
(GHz). 

It is not practical to design any amplifier circuit that will cover the entire 
frequency range, or to use all radio frequencies for all purposes. Instead, the 
RF spectrum is broken into various bands, each used for a specific purpose. 
In turn, amplifier circuits are generally designed for use in one particular 
band. Figure 3-1 shows the most common assignment of radio frequency 
bands. Both commercial and military bands are shown. Note that the com- 
mercial RF bands run from about 3 kHz to 300 GHz, whereas the military 
band assignment runs from 225 MHz to 56 GHz. 

Radio waves with frequencies greater than about | GHz are known as 
microwaves. The amplifier circuits used with microwaves are quite different 
from those used at lower frequencies. Because of their specialized nature, 
microwave amplifiers and related circuits are not discussed in this book. 
Instead, we shall concentrate on RF amplifiers operating at frequencies up to 
and including the UHF band. 


3-1. TYPES OF RADIO-FREQUENCY AMPLIFIERS 


Although there is an infinite variety of amplifier circuits, RF 
amplifiers may be divided into two general types: narrowband amplifiers 
with bandwidths up to several hundred kilohertz), and wideband amplifiers 
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Commercial Bands 


Very low frequency (VLF) 3-30 kHz 

Low frequency (LF) 30-300 kHz 

Medium frequency (MF) 300 kHz-3 MHz 
High frequency (HF) 3-30 MHz 

Very high frequency (VHF) 30-300 MHz 
Ultrahigh frequency (UHF) 300 MHz-3 GHz 
Superhigh frequency (SHF) 3-30 GHz 
Extrahigh frequency (EHF) 30-300 GHz 


Military Bands 


P-band 225-390 MHz 
L-band 390-1550 MHz 
S-band 1.55-5.2 GHz 
X-band 5.2-10.9 GHz 
K-band 10.9-36 GHz 
Q-band 36-46 GHz 
V-band 46-56 GHz 


United States Broadcast Bands 


Amplitude modulated (AM) 535-1605 kHz 
Fig. 3-1 Assignment of radio- Frequency modulated (FM) 88-108 MHz 


frequency bands in the United VHF television 54-216 MHz 
States UHF television 470-890 MHz 


(with bandwidths in the order of megahertz). The reason for this division 
or classification merits some discussion. 

As shown in Fig. 3-1, the amplitude-modulated (AM) broadcast band for 
the United States is from 535 to 1605 kHz. The frequencies of transmitting 
stations within this band are spaced from 10 to 15 kHz apart to prevent inter- 
ference with each other. In the frequency-modulated (FM) broadcast band, 
the transmitting stations are spaced 200 kHz apart. In the television broad- 
cast bands, the stations are approximately 6 MHz apart. 

Within a specific band, each transmitting station is assigned a specific 
frequency at which it is to operate. However, each station transmits not only 
at this frequency but at a relatively narrow band of frequencies lying at either 
side of this assigned frequency. Such a band of frequencies is required if the 
signal is to convey intelligence. For example, an AM broadcast band station 
that is assigned a certain frequency will transmit a signal whose frequencies 
encompass a band extending 5 to 7.5 kHz on either side of the assigned 
frequency. 

An RF amplifier used in an AM broadcast radio receiver is adjusted to 
cover not the entire AM broadcast band simultaneously, but rather a portion 
of the band about 15 kHz wide, corresponding to the spread of a single 
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station. Under these conditions, the bandwidth of the RF amplifier is said to 
be 15 kHz. The amplifier is adjusted (or tuned) to one station at a time. In 
the FM broadcast band, where each station is spaced 200 kHz apart, the 
bandwidth of the RF amplifier is about 150 kHz. Both AM and FM broad- 
cast band RF amplifiers are essentially narrowband amplifiers. In the televi- 
sion bands, where the stations are 6 MHz apart, the RF amplifiers are of the 
wideband type, since the transmitted TV signal is approximately 4.5 MHz 
wide. ‘ 

As can be seen from this discussion, the RF amplifier serves two purposes. 
One purpose is as a band-pass filter, which passes signals from the desired 
station and rejects all others. The other purpose is to amplify these signals 
to a suitable voltage (or power) level. 


3-2. BASIC NARROWBAND RADIO-FREQUENCY 
AMPLIFIER THEORY 


The circuit of Fig. 3-2 is a typical narrowband RF amplifier, 
such as those found in broadcast- and communications-type radio receivers. 
The circuit is a single stage of tuned radio frequency (TRF) voltage amplifica- 
tion. Input to the transistor is by means of a tuned RF transformer, and output 
is obtained by a similar device. Transformer T, is the input transformer and 
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Fig. 3-2. Tuned RF voltage amplifier 
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T, is the output transformer. The secondary winding of 7, is tuned to reso- 
nance at the frequency of the incoming signal by means of variable capacitor 
C,. The primary of T, is tuned to the same resonant frequency by means of 
variable capacitor C3. 

At the resonant frequency, the secondary of T, and capacitor C, form a 
parallel-resonant circuit, as do the primary of 7, and capacitor C,. A parallel- 
resonant circuit offers a very high impedance to a current at the resonant 
frequency, but a low impedance to currents at other frequencies. (Resonant 
circuits used in RF amplifiers are discussed in later sections of this chapter.) 
Thus, if C, is adjusted to tune the secondary winding of T, to resonance at 
the frequency of the desired signal, a relatively large voltage will appear 
across this resonant circuit (and the transistor base) for signals of this fre- 
quency. For all other signals, the voltage will be low. 

Likewise, if C, is adjusted to tune the primary winding of T, to resonance 
at the frequency of the desired signal, this resonant circuit will show a large 
impedance for signals of this frequency, and a very low impedance for other 
signals. This resonant circuit is the collector load. As discussed in Chapter 
2, voltage amplification of a stage is set by collector load impedance (all other 
factors remaining equal). These conditions provide high voltage amplifica- 
tion at the desired frequency. At all other frequencies, where the collector load 
impedance is low, the amplification will also be low. 

The shunting effect of the transistor input and output capacitances is also 
minimized by the capacitances of the tuned resonant circuits. For example, 
the typically small input capacitance of the transistor is in parallel with the 
relatively large capacitance of variable capacitor C,, and thus has but a small 
additive effect. 

Laminated iron-core transformers cannot be used in RF amplifiers. For one 
reason, such transformers do not have the required bandwidth, as discussed 
in Chapter 2. Furthermore, the effect of the stray capacitance of the many 
turns in an iron-core transformer, although fairly small at audio frequencies, 
is large enough at radio frequencies to reduce the amplification to almost 
zero. Besides, the eddy-current losses that would occur in the laminated iron- 
core transformers at radio frequencies would be tremendous. 

Accordingly, RF amplifiers frequently use air-core transformers. The 
difficulty with the air-core type is that there is very little magnetic linkage 
between the primary and secondary windings. Modern RF transformers 
usually use a core of powdered iron, which increases the inductance and link- 
age without excessive eddy-current losses. 

Bias network. Resistors R, and R, form a voltage divider across the power 
supply (Vcc) to forward bias the emitter—base junction of the PNP transistor. 
Resistor R, and capacitor C, form a decoupling network to prevent the RF 
signal from entering the power supply (through which the signal may be fed 
to the output circuit, or another stage). Resistor R, is the emitter stabilization 
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resistor and C, is its bypass capacitor. Resistor R, and capacitor C, form the 
decoupling network for the collector circuit. 

Impedance match. Note that the base of the transistor is connected to a 
tap on the secondary winding of 7,. Since the input impedance of the transis- 
tor is relatively small, only a portion of the secondary winding is used to 
obtain a proper impedance match between the two. However, the entire 
secondary winding is tuned by C, to form the parallel-resonant circuit at the 
signal frequency. For similar reasons the collector is connected to a tap on 
the primary winding ofi7,. 

Feedback problems. One difficulty often found in RF amplifiers is the 
prevention of feedback from the output of a stage to its own input, or to 
another stage. There are two types of undesired feedback: radiated feedback 
and feedback through the transistor. (Of course, there is feedback that is 
deliberately introduced to stabilize gain, temperature response, etc., as dis- 
cussed in Chapters | and 2.) The danger of undesired feedback is greater for 
RF amplifiers than for AF amplifiers. 

To eliminate radiated feedback, the amplifier must be properly designed to 
separate the base and collector leads. Also, nonmagnetic shielding, usually 
of aluminum or copper, may be used to isolate the base and collector circuits 
from each other, as well as each complete stage from the others. These shields 
are well grounded to the chassis or printed circuit board. In extreme cases, 
the wires that connect the base and collector circuits may be encased in 
flexible copper-braid tubing, which, in turn, is grounded. 

At lower frequencies, instead of shielding the entire stage of amplification, 
it is usually sufficient to shield the RF transformer by enclosing itina grounded 
metal can, usually of aluminum. This shielding is indicated by the dashed-line 
boxes around the transformers in Fig. 3-2. At higher frequencies, complete 
stage shielding is used, with feed-through-type capacitors in the shielding to 
provide for connection to and from the circuit. 

In any form of shielding, eddy currents are generated in the shields by the 
magnetic fields around the windings of the transformers. The power for 
these currents comes from the enclosed components. Thus, eddy currents 
represent a loss of electrical energy at the expense of the signal. For this 
reason, shielding is used only where required, and the shield cans are not 
mounted too close to the RF transformers. 

Fortunately, most modern transistors are so constructed that there is 
little danger of feedback through the transistor at moderately high frequencies. 
However, at higher frequencies, internal feedback can produce undesired 
conditions in an RF amplifier. One feedback problem is known as the Miller 
effect. As shown in Fig. 3-3, there is a capacitance between base and emitter 
of a two-junction transistor (or between gate and source of a FET). This 
forms the input capacitance of the circuit. There is also a capacitance between 
the base and collector (or gate and drain). This capacitance feeds back some 
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Fig. 3-3 Input and feedback capacitances in two-junction transistors 
and FETs 


of the collector signal to the base. The collector signal is amplified, and is 
180° out of phase with the base signal (in a common-emitter amplifier). The 
collector signal feedback opposes the base signal and tends to distort the input 
signal. Likewise, the collector—base capacitance is, in effect, in series with 
the base-emitter capacitance, and thus changes the input capacitance. 

These conditions make for a constantly changing amplitude-modulated 
relationship of signals in an amplifier. For example, if the input signal 
amplitude changes, the amount of feedback changes, changing the input 
Capacitance. In turn, the change in input capacitance changes the match 
between the transistor and the input tuned circuit, changing the amplitude. 
Likewise, if the input signal frequency changes, the feedback changes (since 
the collector—base capacitive reactance changes), and there is a corresponding 
change in amplification. 

The Miller effect is not necessarily a problem in all solid-state RF ampli- 
fiers. The FET RF amplifier is usually more susceptible to Miller effect than 
two-junction transistors. However, when the Miller effect becomes severe 
with any RF amplifier, it can be eliminated or minimized to a realistic level 
by neutralization. 

Neutralization is a method for reducing the amount of unwanted feedback, 
either from radiation or internal feedback. With neutralization, a portion of 
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the voltage from the output circuit of the stage of amplification is fed back 
to the input circuit in such a way as to cancel out the base voltage caused by 
the unwanted feedback. Neutralization is accomplished by impressing a 
voltage on the base that is equal in magnitude, but opposite in phase, to the 
undesired feedback. Thus, the two voltages will “buck” each other out. 

The two ends of the primary winding of the output transformer (such as 
T, in Fig. 3-2) are of opposite phase. If this opposite-phase voltage is fed to 
the base through the neutralizing capacitor (Cy of Fig. 3-2), the two voltages 
will cancel out. As a guideline, the neutralizing capacitor should equal the 
collector—base capacitance (typically a few picofarads). 

Another method for reducing the amount of unwanted feedback, without 
neutralization, is to use the common-base amplifier configuration. (Refer to 
Chapter 1.) A common-base RF amplifier circuit is shown in Fig. 3-4. The 
input transformer 7, is tuned to resonance by variable capacitor C,. The 
output transformer 7, is tuned to the same resonant frequency by C,. Resis- 
tor R, is the emitter resistor and C, is its bypass capacitor. Resistor R, and 
capacitor C, form a decoupling filter. 

The base is grounded. The input signal is applied to the emitter. The output 
is obtained between the collector and base, which is common to the input 
and output circuits. The grounded base acts as a shield between the input and 
output circuits, thus reducing feedback. 

Tuning methods. The windings of the RF transformer may be tuned by the 
ordinary air-type variable capacitor. Thus, by adjustment of this capacitor, 


Fig. 3-4 Common-base 
Alternative bias method (grounded-base) RF amplifier 
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the transformer may be tuned to resonance at different frequencies. Of 
course, the transformer may be tuned by using a variable inductance and a 
fixed capacitance. Accordingly, many RF transformers have a powdered- 
iron core that can be moved in or out to vary the inductance of the windings. 
The fixed capacitor generally is of the mica or ceramic type. 

Both the input and output transformers must be tuned simultaneously to 
resonance at the frequency of the incoming signal. Also, if several stages of 
RF amplification are coupled together, the tuned RF transformers may be 
used to couple these stages. Here, too, all the transformers must be tuned 
simultaneously to resonance. Although the use of several tuned circuits 
increases the overall selectivity of the amplifier, the need for manipulating 
a number of variable capacitors can be a problem. To eliminate the problem, 
the capacitor shafts usually are connected so that they tune simultaneously 
when one dial is manipulated. This is called ganging. Most commonly, all 
the rotors of the variable capacitors are mounted on one shaft. Thus, we 
have a two-gang capacitor, a three-gang capacitor, and so forth, depending 
upon the number of sections ganged together. The dashed lines connecting 
the variable capacitors in Fig. 3-2 indicate that these capacitors are ganged 
together. Where the transformers are tuned by movable powdered-iron 
cores, these cores may be similarly ganged. 

Since all the tuned circuits must tune to the same frequency, and since it 
is virtually impossible to construct two amplifiers that are exactly alike, small 
semivariable capacitors, called trimmers, are usually connected across the 
larger variable capacitors. As the trimmer is in parallel with the large variable 
capacitor, the trimmer varies the overall capacitance of the tuned circuit 
slightly, thus compensating for small differences between the circuits. 


3-2.1. Intermediate-Frequency Amplifier 


Most radio and TV receivers operate upon the superheterodyne 
principle whereby the frequency of the received radio signal is first converted 
to a lower, predetermined frequency called the intermediate frequency. The 
amplifier is fixed to operate at this frequency, rather than being tunable over 
the entire band. The amplifier, now called an intermediate-frequency (IF) 
amplifier, is shown in Fig. 3-5. This IF amplifier is similar to the RF amplifier 
of Fig. 3-2, except that the IF amplifier transformers are tuned to the pre- 
determined frequency by means of small fixed capacitors instead of variable 
Capacitors. 

Since it is not necessary to tune the IF transformers over the entire spread 
of the band, it is practical to tune both the primary and secondary windings 
of each transformer to the intermediate frequency. Thus, by adding tuned 
circuits the selectivity of the receiver is increased. 

To compensate for small variations between the IF transformers, each 
winding has a movable powdered-iron core that can be moved in or out, 
thus varying the inductance slightly. In some of the earlier transformers the 
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Fig. 3-5 Intermediate frequency (IF) amplifier 


inductances were fixed, and the windings were tuned by semivariable trim- 
mers. 

As is the case in AF amplifiers, several stages of RF or IF amplifiers may 
be connected in cascade to produce a greater overall amplification of the 
signal. In modern solid-state receivers, a single stage of RF amplification is 
used. The same is true of IF amplification, except in communications and 
other high-quality receivers. Such receivers often use two (or possibly more) 
stages of IF amplification. 

Figure 3-6 is the circuit of a two-stage-IF amplifier. Note that only the 
primary windings of the transformers are tuned. Since the impedance of the 


Fig. 3-6 Two-stage IF amplifier 
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primary is reflected to the secondary, the effect is the same regardless of 
which winding is tuned. Nevertheless, because there are fewer tuned circuits, 
the overall selectivity of the amplifier is somewhat reduced. All other factors 
being equal, the more tuned circuits in any amplifier, the greater the selec- 
tivity, and vice versa. 

The collector of each transistor is connected to a tap on the primary wind- 
ing of its output transformer to match the impedance of the winding to the 
relatively low output impedance of the transistor. Similarly, the secondary of 
each input transformer has fewer turns than the primary winding so that it 
may match the relatively low input impedance of the transistor. 


3-2.2. Radio-Frequency Power Amplifier 


Most radio transmitters use some form of power amplifier 
to raise the low-amplitude signal developed by the oscillator to a high- 
amplitude signal suitable for transmission. For example, most oscillators 
develop signals of less than 1 W, whereas a solid-state transmitter may 
require 100 W (or more) output. 

Figure 3-7 shows two basic RF power amplifier circuits. In the circuit of 
Fig. 3-7a, the collector load is a parallel-resonant circuit (called a tank 
circuit) consisting of variable capacitor C, and inductor L,, tuned to reso- 
nance at the desired frequency. The output, which is an amplified version of 
the input voltage, is from L,, which together with LZ, forms an output trans- 
former. 

The circuit of Fig. 3-7a has certain advantages and disadvantages. The 
winding of L, can be made to match the impedance of the load (by selecting 
the proper number of turns and by positioning L, in relation to L,). While 
that may prove an advantage in some cases, it also makes for an interstage 
coupling network that is subject to mismatch and detuning by physical 
movement of shock. Another disadvantage of the Fig. 3-7a circuit is that all 
the current must pass through the tank circuit coil. Also, for best transfer 
of power the impedance of ZL, should match that of the transistor output. 
Since two-junction transistor output impedances are generally low, the value 
of L, must be low, often resulting in an impractical size for L,. The circuit 
of Fig. 3-7a is a carry-over from vacuum-tube circuits and, as such, is not 
often found in modern two-junetion transistor amplifiers. However, the 
circuit is found in FET RF amplifiers (which are generally low power and 
higher impedance). 

The circuit of Fig. 3-7b, or one of its many variations, is commonly found 
in solid-state radio transmitters using two-junction transistors. The collector 
load is a resonant circuit formed by the network of L,, C,, and C,. Note that 
C, is marked “Loading adjust,” whereas C, is marked “Resonant tuning 
adjust.” As is discussed in later paragraphs, these networks provide the 
dual function of frequency selection (equivalent to the tank circuit) and 
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Fig. 3-7 Radio-frequency power amplifiers 


impedance matching between transistor and load. To properly match imped- 
ances, both the resistive (so-called real part) and reactive (so-called imaginary 
part) components of the impedance must be considered. 

Both Fig. 3-7 circuits are operated class B, which is typical for RF ampli- 
fiers, Class B operation is obtained by connecting the emitter directly to 
ground and applying no bias to the base-emitter junction. Since any two- 
junction transistor requires some forward bias to produce current flow, the 
transistor remains cut off except in the presence of a signal. 


3-2.3. Radio-Frequency Multiplier 


The circuits of Fig. 3-7 can be used as a frequency multiplier. 
That is, the collector circuit is tuned to a higher whole-number multiple 
(harmonic) of the input frequency. Many radio transmitters use some form 
of multiplier to raise the low-frequency signal developed by the oscillator 
to a high-frequency signal. For example, most crystals used in oscillators 
have a fundamental frequency of less than 10 MHz, whereas a solid-state 
transmitter may produce an output in the UHF range. 
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Although the circuits of power multipliers and power amplifiers are 
essentially the same, the efficiency is different. That is, an amplifier operating 
at the same frequency as the input signal will have a higher efficiency than 
an identical circuit operating at a multiple of the input frequency. 


3-2.4. Radio-Frequency Amplifier—Multiplier Combinations 


The circuits of Fig. 3-7 can be cascaded to provide increased 
power amplification and/or frequency multiplication. Typically, no more 
than three stages are so cascaded. The stages can be mixed. That is, one or 
two stages can provide frequency multiplication, with the remaining one or 
two stages providing power amplification. Such arrangements are discussed 
in later paragraphs of this chapter. 


3-3. BASIC WIDEBAND RADIO-FREQUENCY 
AMPLIFIER THEORY 


Except for pure sinewaves, all signals are found to contain 
not only the fundamental frequency, but harmonic frequencies as well. These 
harmonics are whole-number multiples of the fundamental frequency. Pulse 
signals have an especially high harmonic content. For example, the pulses 
used in television contain frequencies ranging from about 30 Hz to 4 MHz. 
An ordinary RF amplifier with a bandwidth of several hundred kilohertz 
is unable to amplify uniformly signals that have such a broad range of fre- 
quencies. For this reason it is necessary to use special broadband or wideband 
amplifiers for such applications. These amplifiers are usually known as 
video amplifiers in television equipment, or as pulse amplifiers in radar and 
similar equipment. 

The resistance-coupled (RC) amplifiers described in Chapter 2 are, in 
effect, wideband amplifiers. That is, such circuits amplify uniformly at all 
frequencies of the entire audio range, dropping off only at the low- and 
high-frequency ends. If we can extend the uniform amplifying action at both 
ends of the frequency range, we have a wideband amplifier, capable of passing 
(and amplifying) RF signals (including pulses). 

The basic RC amplifier circuit is shown in Fig. 3-8. Capacitor Cour repre- 
sents the output capacitance of Q,. Capacitor Cp represents the distributed 
capacitance of the various components and their connecting wires. Capacitor 
Cin represents the input capacitance of Q). 

Coupling capacitor C, and base resistor R, form a voltage divider across 
the input of Q,. At low frequencies, the impedance of Cg is large, and rela- 
tively little of the signal voltage is applied to the base of Q,. Accordingly, 
the low-frequency response of the amplifier is lowered. 
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Fig. 3-8 Capacitances Coy7z, Cp, and Cyy in RC amplifiers 


Capacitances Coyr, Cp, and Cy, acting in parallel shunt the load resistor 
R, of Q,. This lowers the effective resistance of R, and the high-frequency 
response of the amplifier. As discussed in Chapters 1 and 2, a lower value 
of R, lowers the gain, all other factors being equal. 


3-3.7. Increasing Wideband Response 


There are several methods for improving the low- and high- 
frequency response of wideband amplifiers (or RC amplifiers designed for 
wideband use). In all cases, transistors with small input and output capaci- 
tances should be used. Likewise, the components must be carefully placed 
so that their leads and distributed capacitances are kept at a minimum. 

The emitter-bypass capacitor C, affects the low-frequency gain of the 
amplifier. As discussed in Chapter 2, the impedance of C;, is higher at lower 
frequencies. Thus, the amplifier gain is lower at lower frequencies. Accord- 
ingly, the capacitance of C, must be great enough to offer a low impedance 
(with respect to R,) at the lowest frequency to be amplified. 

The value of collector resistor R, also affects the frequency response and 
gain of the amplifier. The graph of Fig. 3-9 shows the effects produced by 
various values of R,. Note that a large-value collector resistor produces a 
high gain at the middle frequencies and a steep drop in gain at the high and 
low frequencies. A small-value collector resistor produces a much smaller 
overall gain, but the proportional drop in gain at the high and low frequencies 
is also much less than for the larger-value collector resistors. With the small- 
value collector resistor, the amplifier gain is uniform over a much wider 
range of frequencies. In effect, the amplifier sacrifices gain for bandwidth. 
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Fig. 3-9 Graph showing the effects of collector load resistance values 
at different frequencies 


Because of these conditions wideband amplifiers use low-value collector 
resistances and transistors with high gain (large betas). 

There are several other methods of compensating for the drop in gain at 
the high and low ends of the frequency band. At low frequencies, the effects 
of the transistor input-output capacitances and the distributed capacitances 
are negligible, but the impedance of the coupling capacitor becomes increas- 
ingly important. One way to compensate for the effects of the coupling 
capacitor is shown in Fig. 3-10, which is the video amplifier of a typical TV 
receiver. 

Here, the load resistance for Q, is made up of two parts, R, and R,, con- 
nected in series. Capacitor C, is the bypass capacitor for R,;. At the higher 
frequencies the collector load is effectively R;, since the small impedance 
of C, at these frequencies permits C; to completely bypass R, (in effect 
removing R, from the circuit). 

At low frequencies the impedance of C, becomes high and the bypassing ef- 
fect is greatly reduced. The collector load resistance then becomes R, -++ Rg. 
This greater resistance produces a greater output voltage, thus compensating 
for the low-frequency drop produced by C;. 

Also, since the drop in high-frequency response is due to the shunting 
effect of the transistor capacitances (and distributed capacitances) upon the 
load resistor, a small inductor L, (called a shunt peaking coil) is inserted in 
series with the load resistance. At low frequencies L, offers very little imped- 
ance and the collector load is, essentially, the resistance of R; + R,. At high 
frequencies the impedance of L, is high, and the collector load is the sum of 
the R, + R, resistances and the reactance of L,. Thus, the gain of the 
amplifier is increased. 

Inductor L, sets up a resonant circuit with the distributed capacitances of 
the circuit (and the capacitances of the transistor). The value of L, is so selec- 
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Fig. 3-10 Video amplifier for a typical TV receiver 


ted that the circuit is resonant at a frequency where the high-frequency re- 
sponse of the amplifier begins to drop. In this way an additional boost is 
given to the gain, and the high-frequency end of the response curve is flat- 
tened. 

Another similar compensating circuit is illustrated in Fig. 3-10. Here, 
series peaking coil L, is connected in series with the coupling capacitor Cs. 
At high frequencies L, forms a low-impedance series-resonant circuit with the 
capacitances, causing a larger voltage to appear at the base of Q,. As before, 
at low frequencies, L, has virtually no effect on the circuit. 

Video and pulse amplifiers usually use both shunt and series peaking coils 
for high-frequency compensation. As a general guideline, the values of these 
coils are such that resonance is obtained at the highest desired frequency. 
That is, the capacitances are calculated (or measured), and a corresponding 
value of inductance is chosen for resonance at the high-frequency end. 

Note that the coils of Fig. 3-10 are shown with resistances connected in 
parallel. As is discussed in later paragraphs of this chapter, when resistances 
are connected across coils, the resonant point of the coils is flattened or 
broadened. Such resistances are often known as damping resistances. 

Another method for overcoming the effects of the drop in gain at the low 
and high ends of the frequency band involves the use of inverse feedback. 
As discussed in Chapters | and 2, inverse feedback tends to oppose any change 
in signal level. Thus, when the signal level tends to drop at either end of the 
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frequency range, inverse feedback will oppose this change. In the circuit of 
Fig. 3-10, inverse feedback is provided by C, and R,. 


3-4. RESONANT CIRCUITS FOR RADIO-FREQUENCY 
AMPLIFIERS 


Radio-frequency amplifier design is based on the use of reso- 
nant circuits (tank circuits) consisting of a capacitor and a coil (inductance) 
connected in series or parallel, as shown in Fig. 3-11. At the resonant fre- 
quency the inductive and capacitive reactances are equal, and the circuit 
acts as a high impedance (if it is a parallel circuit) or a low impedance (if it is 
a series circuit). In either case, any combination of capacitance and induc- 
tance has some resonant frequency. 

Either (or both) the capacitance or inductance can be variable to permit 
tuning of the resonant circuit over a given frequency range. When the induc- 
tance is variable, tuning is usually done by means of a metal slug (usually 
powdered iron) inside the coil. The metal slug is screwdriver adjusted to 
change the inductance (and thus the inductive reactance) as required. 

Typical RF circuits used in receivers (AM, FM, communications, etc.) 
often include two resonant circuits in the form of a transformer (RF or IF 
transformer, etc.). Either the capacitance or inductance can be variable. 
Since such transformers are available commercially, no detailed analysis 
will be given here. However, measurement of RF (and IF) transformer reso- 
nant values, as they affect amplifiers, is discussed in Chapter 7. 

In the case of RF transmitters, it is sometimes necessary to design the coil 
portion of the resonant circuit. This is because coils of a given inductance 
and physical size may not be available from commercial sources. Therefore, 
the following analysis of resonant circuits is given. 


3-4.7. Basic Design Considerations for Resonant Circuits 


The two most important considerations for RF resonant 
circuits are resonant frequency and the Q (or quality factor). 

Resonant frequency. Figure 3-11 contains equations which show the rela- 
tionship between capacitance, inductance, reactance, and frequency as they 
relate to resonant circuits. Note that there are two sets of equations. One set 
includes reactance (inductive and capacitive). The other set omits reactance. 
The reason for two sets of equations is that some design approaches require 
the reactance to be calculated for resonant networks. Solid-state RF trans- 
mitter circuits are a classic example of this. 

Quality factor and selectivity. A resonant circuit has a Q, or quality, factor. 
This Q factor is directly related to the selectivity of the circuit, and is depend- 
ent upon the ratio of reactance to resistance. If a resonant circuit has pure 
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Fig. 3-11 Resonant circuit equations 
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reactance, the Q is high (theoretically infinite). However, this is not practical. 
For example, any coil will have some dc resistance, as will the leads of a 
capacitor. Also, as frequency increases, the ac resistance presented by the 
leads will increase due to skin effect. The sum total of these resistances is 
usually lumped together and is considered as a resistor in series or parallel 
with the resonant circuit. The total resistance is usually termed the effective 
resistance, and is not to be confused with the reactance. 

The resonant circuit Q is dependent upon the individual Q factors of the 
inductance and capacitance used in the circuit. For example, if both 
the inductance and capacitance have a high Q, the circuit will have a high Q, 
provided that a minimum of resistance is produced when the inductance 
and capacitance are connected to form a resonant circuit. 

Usually, resonant circuit Q is measured at points on either side of the 
resonant frequency where the signal amplitude is down 0.707 of the peak 
resonant value, as shown in Fig. 3-12. (Resonant circuit Q measurement 
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Fig. 3-12 Relationship of Q to bandwidth and selectivity 
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techniques are described in Chapter 7.) As shown, a resonant circuit with 
a high Q produces a sharp resonance curve (narrow bandwidth), whereas a 
low Q produces a broad resonance curve (wide bandwidth). For example, a 
high Q resonant circuit will provide good harmonic rejection (tend to pass 
only the fundamental frequency) and efficiency in comparison with a low Q 
circuit, all other factors being equal. Thus, the se/ectivity of a resonant circuit 
is related directly to Q. 

Note that a very high Q (or high selectivity) is not always desired. In some 
applications, it is necessary to add resistance to a resonant circuit to broaden 
the response (increase the bandwidth, decrease the selectivity). An example 
of this is the damping resistor used across peaking coils in a video amplifier, 
as described in Sec. 3-3.1. 

Note that if a given bandwidth must be maintained, but the resonant 
frequency increased, the Q must also increase. For example, if the resonant 
frequency is 10 MHz with a bandwidth of 2 MHz, the required circuit Q is 
5. If the resonant frequency is increased to 50 MHz, with the same 2-MHz 
bandwidth, the required Q is 25. Also, note that Q must be decreased for 
increases in bandwidth, if the same resonant frequency is to be maintained. 


3-4.2. Basic Design Considerations for Radio-Frequency Coils 


The equations necessary to calculate the self-inductance of a 
single-layer air-core coil are given in Fig. 3-13. Note that such coils are most 
efficient (that is, maximum inductance for minimum physical size) when the 
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ratio of coil radius to coil length is 1.25, that is, when the length is 0.8 of the 
radius. 

The equations of Fig. 3-13 are approximations only, and do not take into 
account such factors as uneven sizes of turns, spacing between turns, and the 
like. From a practical standpoint, use the equations to find the nearest 
number of turns (for a given inductance), and then spread or compress the 
turns as necessary to obtain a precise value of inductance (as measured on an 
inductance bridge). 


3-5. RADIO-FREQUENCY VOLTAGE-AMPLIFIER CIRCUIT 
ANALYSIS 


Radio-frequency voltage amplifiers are used primarily in 
receivers and receiver-type circuits. An IF (intermediate frequency) amplifier, 
or IF limiter amplifier, is an example of an RF voltage amplifier. The input 
or first stage of a receiver may include a separate RF voltage amplifier (such 
as with some communications receivers). However, most solid-state receivers 
combine the RF voltage-amplifier function with that of the local oscillator. 
Such circuits are discussed in Sec. 3-6. 

Figure 3-14 shows the working schematic of a typical RF voltage amplifier. 
Such a circuit could be used as an IF amplifier, IF limiter, or separate RF 
amplifier with few modifications. Both the input and output are tuned to 
the desired operating frequency by means of the resonant circuits. In this 
case, the resonant circuits are composed of transformers with a capacitor 
across the primary. The capacitors could be variable, but are usually fixed. 
The resonant circuit is tuned by an adjusting slug between the windings. 


3-5.1. Circuit Analysis 


The considerations for transformer-coupled RF amplifiers are 
similar to those of audio amplifiers, as described in Chapter 2. However, the 
rules of thumb for trial values are somewhat different. 

Transistor characteristics. The considerations for selection of transistors 
described in Chapters 1 and 2 apply to RF amplifiers. Of particular impor- 
tance are interpreting datasheets and determining parameters at different 
frequencies. The temperature-related problems described in Chapters 1 and 
2 generally do not apply, since RF voltage amplifiers usually operate at very 
low power levels. 

The main concern is that the transistor will provide the required gain at 
the frequency of interest. In general, the transistor should provide 1.5 times 
the required gain at the operating frequency. This will compensate for 
mismatch, variation in gain due to differences in transistors, and so forth. 

Transformer characteristics. It is often practical to design an RF amplifier 
around the characteristics of an existing commercial transformer (interstage 
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Fig. 3-14 Basic RF voltage amplifier 


IF transformer, IF detector transformer, RF/IF transformer, etc.). Such 
transformers are usually rated as to primary and secondary impedance 
(rather than turns ratio), and possibly current capacity. However, the typical 
low currents involved present no design problems. 

Some commercial transformers are provided with a built-in fixed capacitor 
across the primary (and/or secondary in some cases). When a capacitor is 
used, the transformers are rated as to the resonant frequency range or mid- 
point (455 kHz for an AM broadcast intermediate frequency; 500 to 1600 
kHz for an RF input transformer, often of the ferrite “loopstick” type; 10.7 
MHz for an FM broadcast intermediate frequency; etc.). In other trans- 
formers, a fixed or variable capacitor must be connected across the trans- 
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former windings. For example, a “loopstick” requires a variable capacitor 
of the given range to provide full tuning across the AM broadcast band. 
When it is necessary to calculate the capacitance value for a given inductance 
or reactance, use the equations of Fig. 3-11. 

Stage gain. Voltage gain of a fully bypassed RF amplifier is approximately 
equal to transistor gain (beta) and the turns ratio of the output transformer, 
as shown in Fig. 3-14. When the turns ratio is considered as primary/second- 
ary, the stage gain equals transistor gain times the inverse of the turns ratio. 
For example, if the transistor gain is 10, and the transformer has a turns 
ratio of 10 (primary) to 1 (secondary), the net voltage gain is 1 (or unity). 

The required stage gain depends upon the circuit application. As guidelines, 
a communications-receiver RF amplifier requires a voltage gain between 10 
and 20, an AM broadcast IF stage requires a gain of between 30 and 40, 
and an IF amplifier for FM requires a gain between 40 and 50; a television 
IF amplifier (broadband) requires a gain of between 15 and 20. 

Supply voltage. The value of supply voltage for an RF voltage amplifier is 
not critical. Of course, the supply voltage cannot exceed the transistor collec- 
tor voltage limits. The supply voltage should be between three and four times 
the desired output voltage for the stage. In most receiver RF circuits, the 
desired output is between | and 2 V, so the supply could be between 3 and 
9 V. A higher supply voltage can be used, provided the transistor characteris- 
tics are not exceeded. 

Emitter resistance. When the emitter resistance R; is bypassed, the resist- 
ance value should be chosen on the basis of direct current, rather than signal. 
The value of R, should provide a voltage drop equal to the emitter—base 
voltage differential when the normal (dc operating point) collector current 
is flowing. A typical silicon emitter—base differential is about 0.5 V (0.2 V 
for germanium transistors). The drop across R, will serve to stabilize the 
gain of Q,, as discussed in Chapters | and 2. 

To get a perfect impedance match between transistor and output trans- 
former (a practical impossibility), the total impedance presented by R, and 
the transistor should match the transformer primary impedance. As a guide- 
line, assume that the impedance represented by the full collector voltage and 
current (V./J-) is the total transistor and R,; impedance. This will establish 
the desired collector current J, and a corresponding voltage drop across Rg. 
For example, assume that the supply voltage is 10 V, and the primary imped- 
ance is 10 kQ. Ignoring the small de drop across the primary, the collector is 
at 10 V. The desired collector current to match impedance 1s 


or 1 mA. With 1 mA flowing through R, (at the operating point) and a de- 
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sired 0.5-V drop, the value of R; is 


E 0.5 
R; = F=do07 500 QO 

Bypass capacitors. The value of the emitter-bypass capacitor C, should be 
such that the reactance, at the lowest operating frequency, is less than the 
input impedance of the transistor. This will effectively remove the emitter 
resistor from the circuit, so far as signal is concerned. The input impedance 
of a typical two-junction transistor for RF applications is on the order of a 
few ohms and is given on the datasheet. If the input impedance is not known, 
use a capacitor value that will produce a reactance of less than 10 Q at the 
operating frequency. 

The value of supply line bypass capacitor C, is between 0.001 and 0.01 
LF in a typical RF voltage amplifier. As a first trial value, use that value for 
C, that will produce a reactance of less than 100 Q at the operating frequency. 

Bias resistance network. The values of the bias resistance network should 
be chosen to place transistor Q, at the desired operating point. For example, 
if the desired collector current is 1 mA and Q, has a nominal gain of 10, 
the base current must be 0.1 mA. Likewise, if the emitter—base voltage 
differential is assumed to be 0.5 V, with another 0.5-V drop across Rg, the 
base should be at 1 V under no-signal conditions. Any combination of Rg, 
and R, that produces these relationships would be satisfactory. As a first 
trial value, make R, 10 times the value of R,. Then calculate a corresponding 
value for R,, using the equations of Fig. 3-13. 

When the circuit of Fig. 3-13 is to incorporate an AVC-AGC (automatic 
volume control—automatic gain control) function, the bias network is also 
used as the AVC-AGC line. Thus, the bias network values must be calculated 
on that basis. A discussion of AVC-AGC circuits is covered in Sec. 3-7. 


3-6. FREQUENCY MIXERS AND CONVERTERS 


Figure 3-15 shows the working schematic of a typical frequency 
mixer and converter. Such a circuit is a combination of an RF voltage ampli- 
fier and an RF oscillator. The individual outputs of the two sections are 
combined to produce an intermediate frequency (IF) output. Usually, the 
RF oscillator operates at a frequency above the RF amplifier, with the dif- 
ference in frequency being the intermediate frequency. The resonant circuit 
of T, is tuned to the incoming RF signal, T, is tuned to the oscillator fre- 
quency (RF + IF), and T, is tuned to the intermediate frequency (IF). The 
resonant circuits of J, and T, are usually tuned by means of variable capaci- 
tors ganged together so that both the oscillator and RF amplifier will remain 
at the same frequency relationship over the entire tuning range. For example, 
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Fig. 3-15 Basic RF mixer and converter (RF amplifier and local oscil- 
lator) 


if JT, tunes from 550 to 1600 kHz and T;,, is at a fixed IF of 455 kHz, T, must 
tune from 1005 kHz to 2055 kHz. Usually, trimmer capacitors are placed in 
parallel with the variable capacitors to permit adjustment over the tuning 
range. 


3-6.1. Circuit Analysis 


The RF portion of the circuit can be designed on the same 
basis as the RF voltage amplifier described in Sec. 3-5. However, design of 
the oscillator section usually sets the operating characteristics for the remain- 
der of the circuit. For example, the oscillator may require a power transistor, 
typically in the order of 0.5-W maximum output. Assuming that the oscillator 
is 50 per cent efficient, an output of 0.5 W requires an input of | W. Many 
transistors are capable of this power dissipation without heat sinks. How- 
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ever, the transistor power dissipation characteristics should be checked, as 
described in Chapters | and 2. 

Transformer characteristics. As in the case of RF voltage amplifiers, 
converters are (or can be) designed around the characteristics of existing 
commercial transformers. The input impedance of 7, should match the 
antenna (or other source) impedance. The output impedance of T, should 
match the input impedance of the stage. As a guideline, the stage input 
impedance can be considered as the emitter resistance R,; value (since R; 
is unbypassed). However, a mismatch in 7, is usually not critical. The output 
impedance of T;, should match the input impedance of the following stage 
(an JF amplifier). The input impedance of 7; should match the collector 
winding impedance of 7,. The impedance at the emitter tap of 7, should 
match the oscillator input impedance (approximately equal to the value of 
Rz). 

Although both signal currents (intermediate frequency and oscillator) are 
present in the collector circuit, the IF signal power is approximately 25 per 
cent of the oscillator signal power. Also, T, and 7; are resonant at different 
frequencies. Thus, the impedance presented by 7; has little effect on the 
oscillator signal in the collector circuit. 

Some commercial transformers specify the fixed capacitance necessary to 
provide the desired resonant frequency (or variable capacitance limits for a 
given tuning range). If it is necessary to calculate the capacitance values for 
a given inductance or reactance, use the equations of Fig. 3-11. 

Emitter resistance. Ideally, the emitter resistance R; should be chosen to 
match the output impedance of T, and the emitter-tap impedance of 7). 
When the design must be adapted to existing transformers and there is a 
mismatch between transformers, use a value of R, that matches 7, (the 
oscillator resonant circuit). 

Bias relationships. One problem in the design of any oscillator circuit is 
that the circuit should be operated as a class A amplifier for starting, and 
switch to class C operation as the oscillations build up. That is, the emitter 
base should be forward biased initially, and then be reverse biased, except 
on peaks of the oscillation. (Ideally, the transistor conducts during approxi- 
mately 140° of each 360° cycle.) Thus, a variable bias is required. 

A variable bias is obtained when the capacitors are charged and discharged 
through the emitter resistance and bias resistance. However, if the capacitors 
are too small in value, the oscillator may not start, or the output waveform 
will be distorted. If the capacitors are too large, the change in charge (to 
produce a variable bias) will be slow, causing the oscillator to operate 
intermittently. 

A fixed forward bias should be placed on the base by means of R, and Rg. 
As a first trial value, the drop across R, should be 0.2 times the supply voltage 
at the collector. Therefore, R, should be approximately four times the value 
of R,. Any combination of Rg; and R, that would produce the required bias 
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could be used. However, the total series resistance of R, + R, should be 15 
to 20 times that of R,;. This will minimize excess current drain by the bias 
network. 

Bypass and coupling capacitors. The values of the bypass and coupling 
capacitors are typically between 0.001 and 0.1 wF. For a first trial, choose a 
capacitance value that will produce a reactance of 50Q at the operating 
frequency. As discussed, the final value of the capacitors can be critical (to 
produce continuous oscillations with good waveforms). Thus, the only final 
test of correct capacitor values is the display of the output waveform on an 
oscilloscope. 

Power output. Power output of the oscillator is approximately equal to 


Po. = 05% ———_Sollector voltage* 
OUT impedance of 7, collector winding 


Power output of 7; to the following IF stage is 


= collector voltage? 
eas impedance of T, collector winding 


Transistor characteristics. The considerations for selection of transistors 
described in Chapters | and 2 apply to converters and mixers. The main 
concern is that the transistor will provide the required power at the frequency 
of interest. 


2-7. AVC-AGC CIRCUITS FOR AMPLIFIERS 


Most receivers have some form of AVC-AGC (automatic 
volume control-automatic gain control) circuit. The terms AVC and AGC 
are used interchangeably. AGC is a more accurate term since the circuits 
involved control the gain of an IF or RF stage (or several stages simultane- 
ously), rather than volume of an audio signal in an AF stage. However, 
in a broadcast receiver the net result is an automatic control of volume. 
Either way, the circuit functions to provide a constant output despite varia- 
tions in signal strength. An increased signal will reduce stage gain, and vice 
versa. 

Figure 3-16 shows the working schematic of two AGC systems that are 
common to broadcast and communications receivers. Diode CR, acts as a 
variable shunt resistance across the input of the IF stages. Diode CR, func- 
tions as the detector and AGC bias source. 

Under no-signal conditions, or in the presence of a weak signal, diode 
CR, is reverse biased and has no effect on the circuit. In the presence of a 
very large signal, CR, is forward biased and acts as a shunt resistance to 
reduce gain. 
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Fig. 3-16 Basic AVC—AGC circuit 


The output of CR, is developed across R, and applied to the audio stages. 
Resistor R, also forms part of the bias network for the IF stage transistor. 
The combined fixed bias (from the network) and variable bias (from the 
detector) is applied to the IF stage base-emitter circuit. The detector bias 
varies with signal strength, and is of a polarity that opposes variations in 
signal. That is, if the signal increases, the detector bias will be more positive 
(or less negative) for the base of a PNP transistor, and vice versa for an NPN 
transistor. 


3-7.1. Circuit Analysis 


Both AGC systems (shunt diode and variable bias) are often 
found in the same receiver. The variable-bias system handles normal varia- 
tions in signal. The shunt diode handles large signal variations. 

Shunt diode. The shunt diode CR, should have a maximum reverse (peak 
inverse) voltage rating equal to the supply voltage. In most cases, the diode 
will never have a reverse voltage greater than | or 2 V. However, if the diode 
is capable of handling the full supply voltage, there will be no danger of 
breakdown. The forward-current capability of CR, should be such that the 
diode can pass the current if there is a full voltage drop across the collector 


Sec. 3-7 AVC-AGC Circuits for Amplifiers 157 


resistors. The values of R, and R, must be such that CR, is reverse biased 
under no-signal conditions (with the IF stages at the Q point). 

Bias network. The values of the bias network (R,, R,, and R;) should be 
chosen to provide the desired fixed bias for the IF stages, as described in Sec. 
3-5. The drop across R, and R, is the bias value applied to the base of the 
IF stage. The drop across R, is combined with the pulsating detector signal 
output. Typically, the drop across R, is on the order of 0.5 to 1 V. The drop 
across R, and R, is between 1 and 2 V. The value of C, is quite large in 
relation to other bypass capacitors, and is typically 10 wF, or larger. 


3-7.2. Television-Amplifier AGC Circuits 


Most solid-state TV receivers use a keyed, saturation-type 
AGC circuit. The RF tuner and IF stage transistors connected to the AGC 
line are forward biased at all times. On strong signals the AGC circuits 
increase the forward bias, driving the transistors into saturation, thus reduc- 
ing gain. Under no-signal conditions the forward bias remains fixed. 
Although the AGC bias is a dc voltage, it is partially developed (or con- 
trolled) by bursts of IF signals. A portion of the IF signal is taken from the 
IF amplifiers and is pulsed, or keyed, at the horizontal sweep frequency 
rate (15,750 Hz). The resultant keyed bursts of signal control the amount 
of dc voltage produced on the AGC line. 
Figure 3-17 is the schematic diagram of a typical solid-state AGC circuit 
for RF and IF amplifiers. Transistor Q, is an IF amplifier with its collector 
tuned to the IF center frequency of 42 MHz by transformer T,. No dc voltage 


horizontal 
output 


Fig. 3-17 Keyed AGC circuits 
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as such is supplied to Q,. The keying pulses from the horizontal flyback 
transformer (at 15,750 Hz) are applied to the collector through diode CR,. 
This produces an average collector voltage of about 1 V. When Q, is keyed 
on, the bursts of IF signals pass through 7, and are rectified by CR,. A 
corresponding dc voltage is developed across C,, and acts as a bias for AGC 
amplifier Q,. Transistor Q, is connected as an emitter follower, with the 
AGC line being returned to the emitter. Variations in IF signal strength 
cause corresponding variations in Q, bias, Q, emitter voltage, and the AGC 
line voltage. 


3-8. FET RADIO-FREQUENCY AMPLIFIERS 


Field-effect transistors are quite useful as RF voltage amplifiers. 
However, because of their high impedance and generally low power ratings, 
FETs are not particularly useful as power amplifiers. In this section, we 
discuss the basic procedures for design of FET RF voltage amplifiers. We 
shall also introduce the reader to the concept of considering a transistor as a 
linear active two-port network (or LAN) with admittance parameters (known 
as y parameters). This concept is quite common in design of RF amplifiers, 
both two junction and FET. In later sections of this chapter, we discuss 
variations of the concept and how they apply specifically to two-junction 
transistors. 

It is difficult, at best, to provide a simple, step-by-step procedure for 
designing FET RF amplifiers to meet all possible circuit conditions. In 
practice, the procedure often results in considerable trial and error. There 
are several reasons for this problem of FET RF amplifier design. 

First, not all the FET characteristics are always available in datasheet 
form. For example, input and output admittance may be given for some low 
frequency, but not at the frequency of interest. 

Often, manufacturers do not agree on terminology. A classic example of 
this is in y parameters, where one manufacturer uses letter subscripts (3,) 
and another uses number subscripts (Y,,). Of course, this can be solved by 
conversions, as described in later paragraphs of this section. 

In some cases, manufacturers will give the required information on data- 
sheets, but not in the required form. For example, instead of showing input 
admittance in mhos, the input capacitance is given in farads. The input 
admittance is found when the input capacitance is multiplied by 6.28F (where 
F is the frequency of interest). This is based on the assumption that the 
input admittance is primarily capacitive, and thus dependent upon frequency. 
The assumption is not always true for the frequency of interest. It may be 
necessary to make actual tests of the FET, using complex admittance mea- 
suring equipment. 
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The input and output tuning circuits of a RF amplifier must perform two 
functions. Obviously, the circuits must tune the amplifier to the desired 
frequency. The circuits must also match the input and output impedances 
of the FET to the impedances of the source and load. Otherwise, there will 
be considerable loss of signal. (Note that although impedances are involved 
admittances are used instead, since admittances greatly simplify the mea- 
surement and calculations.) 

Finally, as is the case with any amplifier, there is some feedback between 
output and input of a FET RF amplifier. If the admittance factors are just 
right, the feedback can be of sufficient amplitude and of proper phase to 
cause distortion and/or oscillation. The amplifier is considered as unstable 
when this occurs. The condition is always undesirable, and can be corrected 
by feedback (neutralization) or by changes in the input-output tuning net- 
works. Although the neutralization and tuning circuits are relatively simple, 
the equations for determining stability (or instability) and impedance match- 
ing are long and complex. Generally, such equations are best solved by com- 
puter-aided. design methods. | 

In an effort to cut through this maze of information and complex equa- 
tions, we discuss all the steps involved in FET RF design in the following 
paragraphs. Armed with this information, the reader should be able to inter- 
pret datasheet or test information, and use the information to design tuning 
networks that will provide stable RF amplification at the frequencies of 
interest. 

With each step, we discuss the various alternative procedures and types of 
information available. Specific design examples are given at the end of this 
section. These examples summarize the information contained in the various 
steps. On the assumption that all readers may not be familiar with two-port 
networks, we shall start with a summary of the y-parameter system. 


3-8.7. y Parameters 


Impedance (Z) is a combination of resistance (the real part) 
and reactance (the imaginary part). Admittance (y) is the reciprocal of imped- 
ance, and is composed of conductance (the real part) and susceptance (the 
imaginary part). A y parameter is an expression for admittance in the form 


Vis = Eis + bis 


where g;, is the real (conductive) part of common-source input admittance, 
and b,, is the imaginary (susceptive) part of common-source input admit- 
tance. 

Since a FET can be treated as a linear active two-port network in small- 
signal applications, all the standard y-parameter stability criteria and design 
parameters are directly applicable. The y parameters are very useful in 
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Fig. 3-18 FET y-equivalent circuit with source and load 


comparing different device types, in choosing a particular configuration 
(common source, common gate, neutralized, unneutralized, cascode, etc.), 
and in the final design of the RF amplifier. 

The y-parameter circuit is shown in Fig. 3-18. The following is a summary 
of the four y parameters of primary interest. 

Note that RF designers have traditionally used the nomenclature y,,, 
V12, 21, and y,, for all active devices—two-junction transistors, integrated 
circuits, and other devices. Some manufacturers still do. Other manufacturers 
use descriptive letter subscripts y;,, ¥,;, ¥y; and y,, for the same parameters. 
Both systems are given in the following summary. (Note that the letter s 
refers to common-source operation.) 

Input admittance, with Y, = infinity (short circuit), is expressed as 

Vis =I = 81 + jb =) = a 
1 Jes=0 

Note that all datasheets do not necessarily show y;, or y,, at any frequency. 
However, input capacitance c;,, is generally listed. If one assumes that the 
input admittance is entirely (or mostly) capacitive (jb,,), then the input 
impedance can be found when ¢;,, is multiplied by 6.28F (F = frequency 
in hertz). For example, if the frequency is 100 MHz, and the ¢;,, is 7 pF, the 
input impedance is 6.28 x (100 x 10°) x (7 x 10°12) = 4.4 mmhos. The 
assumption is accurate only if the real part of y,, (or g;,) 1s negligible. 

Figure 3-19 shows input admittance curves for a typical FET. Note that 
the imaginary part (jb;,) is the more significant factor across the entire fre- 
quency range. 

Forward. transadmittance, with Y, = infinity (short circuit), is expressed as 
Ves = Var = 821 + Jba = yp = Le 


e; e2=0 
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Fig. 3-19 Input admittance, y;, = g;, + /b;,;, of MFE3007 


Some datasheets show ),;, at a low frequency, typically 1 kHz, and also 
show a factor representing the real part of y,, at a higher frequency, typically 
100 MHz. On such datasheets the real part factor is listed as R,(y;,), or a 
similar term. The minimum values listed for R.(y;,) are quite similar to the 
minimum values of y,,, and are generally realistic. However, the maximum 
values of R,(y;;), when listed, are not realistic. 

A more accurate and complete method of showing y,;, is by means of 
curves. Figure 3-20 shows the y,, curves, both real and imaginary, for a 
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Fig. 3-20 Forward transfer admittance, yr, = gs + jbys, of MFE3007 
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typical FET. Note that the real and imaginary parts actually cross over at 
about 180 MHz. Also, the real part becomes a negative quantity at about 
400 MHz. 

Output admittance, with y, = infinity (short circuit), is expressed as 

Vos = V22 = 82. + Jbrra = VY. = at 
2 jer=0 

Generally, a datasheet will show y,, at only one frequency (typically 1 
kHz). A more accurate and complete method of showing y,, is by means of 
curves such as illustrated in Fig. 3-21. 

Reverse transadmittance, with Y, = infinity (short circuit), is expressed as 


Vrs =V12. = 81. + jbrz =), s 
C2 Je=0 

Many datasheets omit y,, or y,, completely. However, most datasheets 
do give reverse transfer capacitance C,,,. If one assumes that the reverse 
transadmittance (or reverse transfer admittance as it is sometimes called) is 
entirely (or mostly) capacitive (jb,,), then the reverse transadmittance can be 
found when C,,, is multiplied by 6.28F. This assumption is generally accurate 
in the case of y,, Or ¥;2, aS shown in Fig. 3-22. Note that the real part of 
y,s (Or g,,) 1S Zero across the entire frequency range. When the term R,y,. or 
R.y,; appears, it can be considered as zero for all practical purposes. 

Measurement of y parameter. As can be seen thus far, y-parameter infor- 
mation is not always available or in a convenient form. In practical amplifier 


y,,, Output admittance (mmhos) 


0 d 
50 70 100 200 300 400 500 
f, Frequency (MHz) 


Courtesy Motorola 


Fig. 3-21 Output admittance, y,; = Gos + /Bos, of MFE3007 
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Fig. 3-22 Reverse transfer admittance, y,, = g-; + /b,;, of MFE3007 


work it may be necessary to measure the y parameters using laboratory 
equipment. 

Note all » parameters are based on ratios of input-output current to 
input-output voltage. For example, y,, is the ratio of output current to input 
voltage. 

yy, and y,, can be measured using signal generators, voltmeters, and simple 
circuits. Likewise, y,, and y,, can be found by measuring c,,, and c,,, (using 
a simple capacitance meter) and then calculating the y,, and y,, based on 
frequency of interest. Measurement procedures are described in the author's 
Practical Semiconductor Databook for Electronic Engineers and Technicians 
(Prentice-Hall, Inc., Englewood Cliffs, N.J., 1970). 

More accurate results are obtained if precision laboratory equipment is 
used. All four y parameters can be measured on a General Radio Transfer 
Function and Immittance Bridge. A possible exception is y,,, which is typ- 
ically very small in relation to the other parameters. In the case of y,, it is 
often more practical to measure c,,, and multiply by 6.28F. 

The main concern in measuring y parameters, from a practical standpoint, 
is that the measurements are made under conditions simulating those of the 
final amplifier circuit. For example, the supply or drain-source voltage, 
bias (if any), and operating frequency should be identical (or close) to the 
final amplifier circuit. Otherwise, the tests can be misleading. 


3-8.2. Stability Factors 


There are two factors used to determine the potential stability 
(or instability) of FETs in RF amplifiers. (Note that these same factors are 
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used with other devices such as two-junction transistor RF amplifiers, IC 
amplifiers, etc.) 

One factor is known as the Linvill C factor; the other is the Stern & factor. 
Both factors are calculated from equations requiring y-parameter informa- 
tion (to be taken from datasheets, or by actual measurement at the frequency 
of; interest.) 

The Linvill C factor assumes that the FET (or other device) is not con- 
nected to a load. The Stern k factor includes the effect of a given load, and is 
thus more practical. 

The Linvill C factor is calculated from 


C= Y12N21 
2211822 — RAVi2 01) 


If. C is less than 1, the device (FET) is unconditionally stable. That is, using 
a conventional (unmodified) circuit, no combination of load and source 
admittance can be found that will cause oscillations. If C is greater than 1, 
the FET is potentially unstable. That is, certain combinations of load and 
source admittance could cause oscillation. 

The Stern k factor is calculated from 


k= 2(811 + Gs) 822 + Gr) 
Vi2Var + Ri2da1) 


where Gy, and G, are source and load conductance, respectively. (G, = 
1/source resistance; G, = 1/load resistance.) 

If k is greater than 1, the amplifier circuit is stable (this is the opposite from 
Linvill). If k is less than 1, the amplifier is unstable. In a practical amplifier, 
it is recommended that a k factor of 3 or 5 be used, rather than 1, to provide 
a margin of safety. This will accommodate parameter and component 
variations (particularly with regards to bandpass response of the amplifier). 

Note that both equations are fairly complex and require considerable time 
for their solution (unless computer-aided design techniques are used). Some 
manufacturers provide alternative solutions to the stability and load matching 
problem, usually in the form of a datasheet graph. Such a graph is shown in 
Fig. 3-23, which is a Linvill C factor chart for a typical FET. Note that the 
FET is unconditionally stable at frequencies above 250 MHz, but potentially 
unstable at frequencies below 250 MHz. At frequencies below about 50 
MHz, the FET becomes highly unstable. 


3-8.3. Solutions to Stability Problems 


There are two basic solutions to the problem of unstable RF 
amplifiers. First, the amplifier can be neutralized. That is, part of the output 
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Fig. 3-23  Linvill stability factor, C, for the MFE3007 between 50 and 
500 MHz 


can be fed back to the input so as to cancel oscillation. This solution requires 
extra components, and creates a problem when frequency is changed. The 
other solution is to introduce some mismatch into either the source or load 
tuning networks. This solution requires no extra components, but does 
produce a reduction in gain. 

A comparison of the two methods is shown in Fig. 3-24. The upper gain 
curve represents the unilateralized (or neutralized) method of operation. 
That is, the higher curve represents maximum amplifier gain without regard 
to stability, or with neutralization to produce stability. The lower gain curve 
represents the circuit power gain, when the amplifier is mismatched as neces- 
sary to produce a Stern k factor of 3, but neutralization is not used. 

Assume that the frequency of interest is 100 MHz. If neutralization is 
used (top gain curve), the power gain is about 38 dB. If the amplifier is 
matched to a load and source where the Stern k factor is 3 (probably some 
mismatch), the lower curve applies, and the power gain is about 29 dB. 

The upper curve of Fig. 3-24 is found by the general power gain equation: 


G, — Power delivered to load 
*~ power delivered to input 


(Y¥o1)?Gz 


7 4 > R,( ee PID 2A ) 
(Y, + Yo2) aul eon Ss Y, 
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Fig. 3-24 Amplifier gain characteristic in common-source configuration 


The general power gain equation applies to circuits with no external feed- 
back, and to circuits that have external feedback (neutralization), provided 
the composite y parameters of both FET and feedback network are substituted 
for the FET y parameters in the equation. 


The lower gain curve of Fig. 3-24 is found by the transducer gain expres- 
SION: 


G, = ——bower delivered to load __ 
r~ max power available from source 


ee 10 2) 
[vir + Ys\V22 + Yu) — Vi2d21]* 


The transducer gain expression includes input mismatch. The lower curve 
of Fig. 3-24 assumes that the mismatch is such that a Stern k factor of 3 is 
produced. That is, the circuit tuning networks are adjusted for admittances 
that produce a Stern & factor of 3. The transducer gain expression considers 
the input and output networks as part of the source and load. 

With either gain expression, the input and output admittances of the FET 
are modified by the load and source admittance. 

The input admittance of the FET. is given by 


oY 125 21... 


Yin = );,(OF = 
in = Yis(OF Y11) ae A 


The output admittance of the FET. is given by 
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¥i2)21 
YutYVs 


At low frequencies, the second term in the input and output admittance 
equations is not particularly significant. At VHF, the second term makes a 
very significant contribution to the input and output admittances. 

The imaginary parts of Y, and Y, (B; and B,, respectively) must be known 
before values can be calculated for power gain, transducer gain, input admit- 
tance, and output admittance. Except for some very special cases, exact 
solutions for B, and B, consist of time-consuming complex algebraic mani- 
pulations. 

To find fairly good simplifying approximations for the equations, let 
B; = —b,, and B, ~ —b,, so that 
General power gain expression: 


Your = Vos (OF Y22) — 


(V21)?Gr 


2 (x2. Aa) 24 ) 
(Gu + gaa) Rely — eet 


Gp = 


Transducer gain expression: 


4G 5Gi(y21)* 
(gi, + Gs 822 + Gr) — Vi2V01]* 


Gr = 


Input admittance: 


Yiu — _Yi2h21 
IN Vit o, = Gy 3G, 
Output admittance: 
4 bass V12N21 
OUT V22 @A5Gs Ge 


3-8.4. Stern Solution 


A stable design with a potentially unstable FET is possible 
without external feedback (neutralization) by proper choice of source and 
load admittances. This can be seen by inspection of the Stern A factor equa- 
tion. Gs and G, can be made large enough to yield a stable circuit, regardless 
of the degree of potential instability. Using this approach, a circuit stability 
factor (typically k = 3) is selected, and the Stern & factor equation is used to 
arrive at values of G, and G, that will provide the desired k. Of course, the 
actual G of the source and load cannot be changed. Instead, input and 
output tuning circuits are designed as if the actual G values were changed. 
This results in a mismatch and a reduction in power gain, but does produce 
the desired degree of stability. 
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To get a particular circuit stability factor, the amplifier designer may choose 
any of the following combinations of matching or mismatching of Gs and 
G, to the FET input and output conductances, respectively: 


G, matched and G, mismatched 
G, matched and Gs mismatched 
Both G, and G, mismatched 


Often a decision on which combination to use will be dictated by other 
performance requirements or practical considerations. 

Once Gs and G, have been chosen, the remainder of the design may be 
completed using the relationships that apply to the amplifier without feedback. 
Power gain and input-output admittances may be computed using the appro- 
priate equations (Sec. 3-8.3). 

Simplified Stern approach. Although the above procedure may be adequate 
in many cases, a more systematic method of source and load admittance 
determination is desirable for designs that demand maximum power gain 
per degree of circuit stability. Stern has analyzed this problem and developed 
equations for computing the optimum Gs, G,, Bs, and B, for a particular 
circuit stability factor (Stern k factor). 

Unfortunately, these equations are very complex and quite tedious if 
they must be done frequently. The complex Stern solution is best solved by 
computer. As a matter of interest, a program has been written in BASIC 
to provide essential information for FETs used as RF amplifiers. A second 
program has been written to include the effects of a specific source and 
load. This second program permits the designer to experiment with theo- 
retical breadboard circuits in a matter of seconds. Other programs perform 
parameter conversions and the network synthesis for FET RF amplifier 
design. 

When a Stern solution must be obtained without the aid of a computer, 
it is best to use one of the many shortcuts that have been developed over the 
years. The following shortcut is by far the simplest and most widely accepted, 
yet provides an accuracy close to that of the computer solutions. 


1. Let Bs = —b,, and B, ~ —b, 2. This method permits the designer to closely 
approximate the exact Stern solution for Ys; and Y,, while avoiding that 
portion of the computations which is the most complex and time consuming. 
Furthermore, the circuit can be designed with tuning adjustments for vary- 
ing Bs and B,, thereby creating the possibility of experimentally achieving 
the true B; and B, for maximum gain as accurately as if all the Stern 
equations had been solved. 


2. Mismatch Gs to g;; and G,; to g22 by an equal ratio. That is, find a ratio that 
produces the desired Stern & factor, then mismatch Gs; tog ;; (and G,; tog22). 
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For example, if the ratio is 4 to 1, make Gs 4 times the value of g;,; (and 
G, 4 times the value of g22). 


If the mismatch ratio, R, is defined as 


_ Gi _ Gs 
822 811 


then R may be computed for any particular circuit stability (k) factor using 


the equation 
R= (4)/x[ Pasrae) a ReeaYas)) | 
2211222 


This shortcut method may be advantageous if source and load admittances 
and power gains for several different values of & are desired. Once the R for 
a particular k has been determined, the R for any other k may be quickly 
found from the equation 


(1 + R1)* 


DR 2 
(1+ Rk, 


where R, and R, are values of R corresponding to k, and k., respectively. 
Stern solution with datasheet graphs. It is obvious that the Stern solution, 
even the shortcut method, is somewhat complex. For this readon, some 
manufacturers have produced datasheet graphs that show optimum source 
and load admittances for a particular FET over a wide range of frequencies. 
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Fig. 3-25 Optimum source admittance, Ys; = Gs + jBs 
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Fig. 3-26 Optimum load admittance, Y; = G, + sB, 


Examples of these graphs are shown in Figs. 3-25 and 3-26. Figure 3-25 
shows both the real (Gs) and imaginary (B,) values that will produce maxi- 
mum gain, but with a stability (Stern &) factor of 3 at frequencies from 50 to 
500 MHz. Figure 3-26 shows corresponding information for G, and B,. 

To use these illustrations, simply select the desired frequency, and note 
where the corresponding G and Bcurves cross the frequency line. For exam- 
ple, assuming a frequency of 100 MHz, Y, = 0.35 — /2.1 mmhos, and Ys = 
1.30 — j4.4 mmhos. 

If the tuning circuits are designed to match these admittances, rather than 
the actual admittance of the source and load, the circuit will be stable. Of 
course, the gain will be reduced. Use the transducer gain expression (G;) 
of Sec. 3-8.3 to find the resultant power gain. 


3-8.5. Systematic FET Radio-Frequency Amplifier 
Design Procedure 


A review of the two-port (y parameter) network design method 
may be helpful at this point. 


1. Determine the potential instability of the FET (or other device). This 
involves extracting the y parameters of the FET from the datasheet, or 
determining y parameters from actual test, and then plugging the y param- 
eters into the Linvill C and/or Stern & equations to find potential stability 
or instability. 
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Use the Linvill C factor where source and load impedances are not 
involved (or known). Use the Stern & factor when load and source imped- 
ances are known. As a practical matter, it is usually more convenient to go 
directly to the Stern & factor, since this serves as a Starting point if the circuit 
must be modified to produce stability. 


2. If the FET (or other device) is not unconditionally stable, decide on a course 
of action to ensure circuit stability. Usually, this involves going to neutral- 
ization, or to some form of mismatching input-output tuning circuits. 
Mismatching is, by far, the most popular course of action. If the FET is 
unconditionally stable, without neutralization or mismatch, the design can 
proceed without fear of oscillation. Under these circumstances, the usual 
object is to get maximum gain by matching the tuning circuits to the actual 
source and load. 


3. Determine source and load admittances based on gain and stability consid- 
erations (together with practical circuit limitations). If the FET is potentially 
unstable at the frequency of interest with actual source and load impedances, 
use another source and load that will guarantee a certain degree of amplifier 
stability. 

This involves the Stern solution described in Sec. 3-8.4. If optimum 
source and load impedances are given by manufacturer’s datasheets, use 
these as a first choice. As a second choice, use computer-aided design tech- 
niques to get a Stern solution for the desired stability and gain. If neither 
of these two are available, use the shortcut Stern technique. 

Note that it is a good idea to check circuit stability (Stern &) factor even 
when an unconditionally stable FET has been found by the Linvill C factor. 
A FET may be stable without a load, or with certain loads, but not stable 
with some specific load. 

Once the optimum source and load admittances have been selected, verify 
that the required gain will be available. In practical terms, it is possible to 
mismatch almost any RF amplifier sufficiently to produce a stable circuit. 
However, the resultant power gain may be below that required. In that 
case, a different FET (or other device) must be used (or a lower gain 
accepted). 


4. Design appropriate networks (input-output tuning circuits) to provide the 
desired (or selected) source and load admittances. First, the networks must 
be resonant at the desired frequency. (That is, inductive and capacitive 
reactance must be equal at the selected frequency.) Second, the network 
must match the FET to the load and source. Sometimes it will be difficult 
to achieve a desired source and load due to tuning range limitations, excess 
network losses, component limitations, and the like. In such cases the 
source and load admittances will be a compromise or tradeoff between 
desired performance and practical limitations. Generally, this tradeoff 
involves a sacrifice of gain to achieve stability. 


The remainder of this section is devoted to the step-by-step 
design procedures for two FET RF amplifier circuits. Although FETs are 
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involved, the same basic procedures can be used for two-junction transistors. 
Additional examples and special techniques for two-junction RF amplifier 
design are described in Sec. 3-9. 


3-8.6. Design Example of. 100-MHz Common-Source 
FET Radio-Frequency Amplifier 


Assume that the circuit of Fig. 3-27 is to be operated at 100 
MHz. The source and load impedance are both 50Q. The characteristics 
of the FET are given in Figs. 3-19 through 3-26. The problem is to find the 
optimum values of C, through C,, as well as L, and L,. 


Output 
502 


Input 


Courtesy Motorola 


Fig. 3-27 Common-source FET RF amplifier 


From Fig. 3-23, the Linvill stability factor C is seen to be 2.0. A Linvill C 
factor greater than | indicates that the device is potentially unstable. Thus, 
mismatching or neutralization is necessary to prevent oscillation. Mismatch- 
ing is used in this example. Figure 3-24 shows that for a circuit stability 
(Stern k) factor of 3.0 the transducer gain is about 29 dB. The load and 
source admittances for the required mismatch and gain (found in Figs. 3-25 
and 3-26) are 


Y, = 0.35 — j2.1 mmhos 
Y, = 1.30 — j4.4 mmhos 
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At 100 MHz, y parameters for the FET are 


Vis = Yi1 = 0.15 + 73.0 (Fig. 3-19) 
Vrs = Y2; = 10 — 5.5 (Fig. 3-20) 

Vos = Yr2 = 0.04 + 71.7 (Fig. 3-21) 
Vrs = Viz = O — j0.012 (Fig. 3-22) 
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Assuming the load and source impedances are both 50 Q, networks can be 
designed to match the FET to the load and source. The calculations are more 
easily performed with impedances rather than admittances. The procedure 


will first be discussed for the output matching. 


The 50-Q load impedance must be transformed to the optimum load for 
the FET (Y, = 0.35 — j2.1). This transformation can be performed by the 


——~ 


Series Parallel 


(a) Output Impedance Transformation 


| 
| 
| 
| 
| 
| 
| 
| 


Device Drain (or collector) Load and 
(FET or circuit tuning coupling C 
two-junction 
transistor) 


(b) Equivalent Output Circuit 
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Fig. 3-28 Impedance transformation and equivalent output circuit of 
common-source RF amplifier 
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network shown in Fig. 3-28a. In effect, R, is in series with C;. The 50Q 
must be transformed to 


soy lei | es 
eG = 05 10 


The series capacitive reactance required for this matching can be found by 


X = Xseries = R Fae 
Cc. S R; l 


where R, is the parallel resistance and R, is the series resistance. 


2.86 x 103 
Xe = 50 ——— a 
; ‘a 50 1 = 372Q 


The capacitance that provides this reactance at 100 MHz is 


Co = 558 FY, = CIAO ~~ OO PF 
The parallel equivalent of this capacitance is needed for determining the 
bandwidth and resonance later in the design: 


2 
Xe, a parallel — Xs E ze (3) | 


2379 E Ke (#5) | ~ 3782 


and the equivalent parallel capacitance is therefore 
Ci = 4.2 pF 


An equivalent circuit for the output tank, after transformation of the load, 
is shown in Fig. 3-28b. Since the resistance across the output circuit is fixed 
by the parallel combination of Roy; and R, (after transformation), the de- 
sired bandwidth of the output tank will be determined by C;. 

It should be noted that the output admittance ( Yoyr) of the FET will not 
equal y,, under most conditions. Only when the input is terminated in a 
short circuit, or the feedback admittance is zero, does Yoyr equal y,,. When 
y,,; is not zero, and the input is terminated with a practical source admit- 
tance, the true output admittance is found from 


is —— ‘= Vits\rs 
ai ‘ Vis ss Ys 
=Horay 7. 0p 700!) 


(0.15 + 73.0)+ (1.3 — 74.4) 
= —0.066 + 2.05 mmhos 
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Therefore, 
a a 1 _ 
Noun Ga 006s 10 = 
_ Bovr _ 2.05 x 1073 _ 
Cour = 65g F = 6.2810) © 2-7 PF 


The negative output impedance indicates the instability of the unloaded 
amplifier. 
Now the total impedance across the output tank can be calculated: 


1 


[eee Serer 
- Gour + G, 


] 


= (0000 x 10) + as x 10) 


Since the output impedance is several times higher than the input imped- 
ance of the FET, amplifier bandwidth is primarily dependent upon output 
loaded Q. For a bandwidth of 5 MHz (3-dB points), 


a 1 
Cr = 658R(BW) 


] 


= 6283.52 x 1055 & 108) ~ 7 PF 


Hence, 
C; = Cr — Cour — Cy = 9.0 — 3.2 — 4.2 = 1.6 pF 


The output inductance that resonates with C; at 100 MHz is 280 nH. This 
completes the output circuit design. 

Input calculations performed in a similar manner yield the following 
results: 


Y; = 1.30 — j4.4 mmhos 
Xc, = 190Q; therefore, C, = 8.4pF 
Xc, = 2039; therefore, C’; = 7.8 pF 


—yp = ViesVrs Assad 4 
Yow = Vi ries 0.25 + 74.52 mmhos 


Therefore, 
Rin = 14 kQ, Cin — die pF, R- —- 950 Q 
The bandwidth of the input tuned circuit is chosen to be 10 MHz. Hence, 


C.-= Ll) pF; “therefore; £,=150nH 
C, = 17 — 7.2 — 7.88 = 2 pF 
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This completes design of the tuned circuits. It is important that the circuit 
be well bypassed to ground at the signal frequency, since only a small imped- 
ance to ground may cause instability or loss in gain. The bypass capacitor 
should be such that the reactance is about 1 to 2Q at the operating fre- 
quency. A l-wF capacitor will provide less than 1-Q reactance at 100 MHz. 


3-8.7. Design Example of.87.5- to 108.5-MHz Common-Gate 
FET Radio-Frequency Amplifier 


Assume that the circuit of Fig. 3-29 is to be tuned across the 
range from 87.5 to 108.5 (broadcast FM) MHz. An equivalent circuit of the 
RF amplifier to be designed is given in Fig. 3-30. Coil turns are defined and 
high-frequency conductances are shown in Fig. 3-30. 

The following design values are assumed: 


1. Gé = 3.33 mmho (300-Q antenna). 

2. Gi = Gt (for minimum antenna VSWR). 

3. Gf = 4.0 mmho (typical input conductance of a two-junction transistor 
mixer). 

4. Selectivity at 21.4 MHz above center frequency = 45 dB (needed for image 
rejection = 45 dB). 

5. Tuning range = 87.5 to 108.5 MHz. 


REE SR a Aes 
Z / 
/ / 
# 7 
/ 7 
qe ibe 
Input : : 0.001 Two-junction 
: cy" 34 : > mixer 
0.001 
il 330 2 
epee 27 kQ L 
= +12V 
© 
AGC 
or 
ground 


Courtesy Texas Instruments 


Fig. 3-29 Common-gate FEJ RF amplifier 
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Ci, Cig 


) 


|S (A) oF xed (B 


Gs = stage driving source conductance 
G,, = stage input conductance 
Gs; = FET driving source conductance 
G,, = FET input conductance with a finite load aioe ee signal 
requency 
Gour = FET output conductance with a finite driving F, = highest signal 
source conductance frequency 
G, = FET load conductance 
G; = stage load conductance 
AG. : 1 
Crixed (A) = 2 — C4, (min) L,= 
Fy 2 ACi, 
(3) = (6.28F,) 
F, F, 2 
ie Rh 
Crixed (B) Se — Cig (min) 1 
F, (6.28F)? 18 
Fy,2 
(F) - 


Courtesy Texas Instruments 


Fig. 3-30 Alternating-current equivalent circuit of common-gate FET 
RF amplifier 
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6. Tune with standard variable capacitor: C,,4 = Cy}, = 6 — 21 pF (AC = 
15 pF). 

7. Coils must have practical tapping ratios, wire sizes, and shape factors. 

8. Gain control will be reverse AGC. 


9. Observing the above restrictions, achieve high power gain and low noise 
figure, using an N-channel silicon TIS34 JFET. 


Given a AC for the tuning capacitor, and a desired tuning range, the input 
and output coil inductances (L, and L,) and fixed capacitances [Cy;x04¢4) 
and Cj;xea(g)] can be calculated using the equations of Fig. 3-30. 

For this particular example Cy g¢miny = Cyacminys ACi4 = ACig, F, = 87.5 
MHz, and F, = 108.5 MHz, so that 


L, = L, = 0.077 wH 
Crixea(a) = Crixea(ay = 22 PF 
These values for the capacitances C;y;xe4¢4) aNd Cyixeacay Include trimmer 

capacitances, stray capacitances, and reflected FET input and output capac- 
itances, in addition to any actual fixed capacitors placed across the input or 
output tanks. With a typical trimmer setting of about 8 pF, and allowing a 
total of about 4 pF for stray capacitance and FET reflected capacitance, a 
10-pF capacitor can be placed across the output tank. 


The remainder of the design is carried out at the signal, frequency Fy = 
100 MHz, where 


Xo = X, = 6.28F,L = 48.4Q 


Based on the discussions of biasing in Chapters | and 2, the values of the 
drain and gate resistance shown in Fig. 3-30 result in an operating point at 


Iss: 
Typical common-source y parameters for the TIS34 at Jpss are 


Vis = V1, = 0.01 + 73.00 mmho 
Ves = Yar = 4.80 — 71.20 mmho 
Vrs = Vi12 = 0 — j0.95 mmho 
Vos = V2. = 0.05 + 71.05 mmho 
Since the circuit of Fig. 3-30 is common gate, the common-source param- 
eters must be converted to common gate as follows: 


Vig = Vis + Ves tes + Vos = 495 + 71.9 mmho 
Veg = —Oes + Vos) = —4.85 + j0.15 mmho 
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Vre 0% + Vos) = —0.05 — j0.1 mmho 
Vos = Vos >= 0.05 + 71.05 mmho 


Using these common-gate y parameters and the Linvill C factor, the 
stability is 
Yi2 421 0.545 


Ca ee es SS eee 
2811822 — RAVi221) 2(4.95)(0.05) — 0.258 


Since C is greater than 1, the FET is potentially unstable in the common- 
gate configuration. 

Mismatching is to be used for the required stability. A Stern k factor of 4 
is chosen. Using the shortcut Stern solution (mismatching G,; and G, tog, 
and g,, by an equal ratio R), the value of R is 


n= ( OSS + 0.258)) _ | sae 
2(4.95)(0.05) 


Using a value of 1.56 for R, and the equation, 


Gs _ Gi 
&11 822 


L156: = 


then 
Gs = (1.56)(4.95)(10-3) = 7.72 mmho 


a ee 
(Rs = g- = 130 Q) 
G, = (1.56)(0.05)(10-3) = 0.078 mmho 


1. 
(R. = go = 12.8 ka) 

If it were practical to realize such a small G, (or a high R,), the power gain 
and transducer gain (from the equations of Sec. 3-8.3) would be G, = 15.8 
dB, and G, = 14.3 dB. 

Unfortunately, G, is too small to be conveniently realized. These calcula- 
tions are informative, however, in that they suggest, for the common-gate 
configuration, that the FET should work into as high an impedance load as 
is practical. This says that the drain terminal of the FET will go to the top of 


the output tank (f = 1.0), that the actual value of Rf will be tapped as 
2B 


low on the output tank as is practical, and that the highest practical value 
for the unloaded coil Q should be chosen. 

Given as a guide for the selection of Qy, Figs. 3-31, 3-32, and 3-33 represent 
data taken at 100 MHz on band-wound coils using a Boonton Radio Co. 
190-A high-frequency Q meter. 
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Figure 3-31 shows how Q, is a function of the internal diameter of a coil, 
when no core is used and the wire gauge and inductance of the coil are held 
constant. Assuming no differences in the proximity of the coils to a metal 
chassis due to different coil sizes, the larger-diameter coils have the higher 


Qu. 


Definition of core penetration 


300 


200 
_ Carbonyl J core 
3 
e) 
. A 
8 150 x 
3 4 Aluminum 
3 Ps core 
xe) 
5 Carbonyl E core 
100 
All coils: 
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Fig. 3-33 Unloaded coil Q as a function of core penetration into the 
coll 
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Figure 3-32 illustrates how Q, varies with wire gauge for a constant induc- 
tance and a constant internal diameter. The Q, of coils without cores are 
fairly sensitive to the wire gauge, but those using Carbonyl J and Carbonyl 
E cores are almost independent of the wire gauge. 

In Figure 3-33, Q, is given as a function of the penetration of different 
types of cores into the coil. Curves are given for Carbonyl J, Carbonyl E, and 
aluminum cores, with the wire gauge, internal diameter, and inductance 
held constant. 

The circuit of Fig. 3-29 is taken from an FM receiver front end. Practical 
layout and shielding requirements usually require that the FM front end be 
placed in its own small metal chassis. Because the coils are close to metal 
with such an arrangement, the unloaded Q is reduced. Likewise, the presence 
of solder on the coils can reduce unloaded Q. 

With these comments in mind, in selecting as high an impedance (for the 
output circuit) as practical, the following somewhat arbitrary limits are 
imposed: 


Oy = 200 min (QyXc = 200 X 48.6 = 9.6 kQ) 


N13 _ §.0 max a2 = 1.0 


3B 2B 
These restrictions give 


] ~ GF 
QyX-(max) Nip a: : 
(W min 


3B 


G,; min = 


G, min = 0.304mmho or R, max = 3.29 kQ 


Temporarily assuming that the output resistance of the common-gate 
FET will not appreciably load the output tank, the loaded Q of the output 
circuit will be 


R 
O,= Rulman) ~ 68 


L 


It will be seen that the FET output resistance is quite high, after the FET 
driving source conductance is calculated from the input coil design. 

The loaded Q of the input circuit must be high enough to ensure that the 
frequency response of the RF stage will satisfy the selectivity requirements of 
45-dB attenuation at 21.4 MHz off resonance. 

The basic attenuation equation for tuned circuits is given in Fig. 3-34. 
Attenuation values calculated from this equation at 5.25 MHz and 21.4 
MHz off resonance from a center frequency of 100 MHz are also given in 
Fig. 3-34 for several values of loaded Q. (The 5.35-MHz values are included 


Sec. 3-8 FET Radio-Frequency Amplifiers 183 


Af Attenuation 
Q, (MHz) (dB) 
10 5.35 3.3 
10 21.40 12.9 
20 5.35 7.5 
20 21.40 18.7 
30 5.35 10.5 
30 21.40 22.2 
40 5.35 12.9 
40 21.40 24.7 
50 5.35 14.7 
50 21.40 26.6 
60 5.35 16.3 
60 21.40 28.2 
70 5.35 17.6 
70 21.40 29.5 
80 5.35 18.7 
80 21.40 30.7 
90 5.35 19.7 
90 21.40 31.7 
100 5.35 20.6 
100 21.40 32.6 
110 5.35 21.4 
110 21.40 33.5 


Q, 2ar\ 


resonant 
frequency 
(100 MHz) 


Attenuation at AF Hz off resonance (dB) = 20 log,,/1 + 


Courtesy Texas Instruments 


Fig. 3-34 Attenuation versus frequency for a single-tuned transformer; 
center frequency = 100 MHz 


because they are useful in predicting Fy + 4 IF rejection. The IF amplifiers 
in a broadcast FM receiver are typically 10.7 MHz.) 

The attenuation at AF Hz off resonance for two single-tuned transformers 
is found simply by summing the two appropriate attenuation values. The 
attenuations at the image frequency from Fig. 3-34 are also presented in 
graphic form in Fig. 3-35 to point out how increasing values of loaded Q 
rapidly reach a point of diminishing returns. As discussed, the output Q, 
is somewhat less than 68, but still in the neighborhood of 68. 

From Fig. 3-34, a loaded Q of 60 will provide 28.2-dB attenuation at the 
image frequency. Choosing an input loaded Q of 20 adds an additional 18.7- 
dB attenuation at the image frequency so that the selectivity requirement is 
satisfied. 

The input conductance of the FET is found from 


Gk — Rf Hada | ~~ 4.22 mmho, ee ee 
IN 811 7 1G: mmho Rin 69 
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Fig. 3-35 Attenuation at the image frequency as a function of loaded 
Q for a single-tuned transformer 


To minimize input loss, let the input coil Q, = 200. Next, the tapping 
ratios on the input coil need to be determined. In Fig. 3-36, all conductances 
are referred to the top of the input tank. Using the tapping ratio equations of 
Fig. 3-36, solve both equations simultaneously for N,4/N2, and Ny4/N434, 
with the following previously established values: 


Gi, = 3.33 mmho (match antenna admittance) 
Q, = 20 (for selectivity) 
Xo = 48.40 
Qy = 200 (minimize input loss) 
Gin = 4.22 mmho 
G* = 3.33 mmho (300-Q antenna) 


This results in tapping ratios of N,,/N2,4 = 2.5, and N,4/N34 = 3.2. 

The FET driving source conductance is found by plugging the same values 
into the appropriate equation of Fig. 3-36, which gives Gs; = 6.35 mmho 
(Rs = 158 Q). 

Using this value of Gs and the previously established values results in a 
Stern k stability factor (Sec. 3-8.2) of 


i — 204.95 + 6.35)(0.05 + 0.304) _ 


0.545 = 0.258 : 
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Tapping ratio FET driving source conductance 
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Fig. 3-36 Input coil design 
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A k factor of 10 produces a highly stable RF amplifier stage. 

Although the optimum driving source impedance for the TIS34 is approxi- 
mately 500 Q, the above value of 158 Q should be satisfactory since the FET 
noise figure is excellent for a broad range of driving source impedances. 

Then power loss of the input single-tuned network is calculated using the 
equation of Fig. 3-36. The first term of the equation represents mismatch 
between antenna admittance and the FET input admittance. The second 
term represents the insertion loss of the tuned circuit. Since the second term 
degrades noise figure, the necessity of having a high Q, to Q, ratio is appar- 
ent. For this particular example, input power loss is 


(0.52 + 0.416)? 200. 
10 log “7o-say0.416) 1 7° 198399 — 39 = 1 9B 

The FET driving source conductance having been determined, the FET 
output conductance may be calculated as follows: 


a = Vi2V24 
Gour <7 822 R, le ae 1 | 


] 


= 37kQ 
Gout 


= 0.027 mmho Rout — 


With Goyr established, a more exact calculation for output tank loaded 
O can now be made using the following equation: 


Loe ol_ 2 Gor 
O,Xc QyuXc (N1_/N22)" (N 1 —/N32)” 


The appropriate values for this equation are X, = 48.4Q, Q, = 200, 
Gout = 0.027 mmho, G# = 4.00 mmho, N,3/N2, = 1, Ni2/N3, = 5, SO 
that Q, (output) is 62.5. This confirms the initial assumption that the FET 
output impedance would not appreciably load the output coil. 

The output power loss, which is not included in the general power gain 
expression of Sec. 3-8.5, cannot be calculated in the same fashion as the input 
loss. The mismatch loss that is accounted for in the power gain expression 
is mismatch between the FET’s output conductance and the fofa/ load seen 
by the FET. 

The mismatch term in the input power loss equation of Fig. 3-36 is the 
mismatch only between the stage driving source conductance and the FET 
input conductance. Thus, if the general power gain expression is to be used 
in calculating the overall RF stage power gain, the additional output power 
loss that must be considered is not a simple function of Q, and Q,, but in- 
stead is the ratio of power delivered to the total FET load G, to the power 
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delivered to the actual load G#, or 


5 — power delivered to G, 


output power los 
aie power into G# 


Using the output power loss equation of Fig. 3-36, the output power loss is 


(0.304/1) 


(4.00/25) ao O8 


10 log 


Using the general power gain expression, Gp ~ 13.5 (or 11.3 dB). 
The overall RF stage power gain then is 


PG = G, — input power loss — output loss 
PG = 11.3 — 1.0 — 2.8 
PG = 7.5 dB 


The overall voltage gain of the RF stage in decibels is 


ne ee (0 log 305 — 5.7 dB 


VG (db) = PG — 10 log Six 
Rr 
Summarizing the coil design; 

Input coil: 


Oy = 200, O,=20, L=0.07 pH, as a 5s Mid 2335 


2A 3A 


Output coil: 


QO, = 200, 0, = 62.6, L=0.077wH, S42=1, 22=5 


3-9. RADIO-FREQUENCY POWER AMPLIFIERS 
AND MULTIPLIERS 


Figure 3-37 shows the working schematics of typical RF pow- 
er amplifiers. The same basic circuits can be used as frequency multipliers. 
However, in a multiplier circuit, the output must be tuned to a multiple of 
the input. A multiplier may or may not provide amplification. Usually, most 
of the amplification is supplied by the final amplifier stage, which is not 
operated as a multiplier. That is, the input and output of the final stage are 
at the same frequency. 
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Fig. 3-37 Typical RF power amplifier and multiplier circuits 
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A typical RF transmitter will have three stages: an oscillator to provide 
the basic signal frequency, an intermediate stage that provides amplification 
and/or frequency multiplication, and a final stage for power amplifications. 
In some cases there are three stages of amplification following the oscillator. 


3-9.1. Circuit Analysis for Power Amplifiers 
and Multipliers 


All the considerations in Chapters 1 and 2 apply to RF power 
amplifiers and multipliers. Of particular importance are interpreting data- 
sheets, determining parameters at different frequencies, and temperature- 
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related problems. In addition to the basic considerations, the following 
problems must be considered in RF power amplifier design. 

Tuning and adjustment controls. The circuit of Fig. 3-37a has two tuning 
controls (variable capacitors) in the output network. The network of the Fig. 
3-37b circuit has only one adjustment control. The circuit of Fig. 3-37a is 
typical for power amplifiers, where the output must be tuned to the resonant 
frequency by one control and adjusted for proper impedance match by the 
other control (often called the loading control). In practice, both controls 
affect tuning and loading (impedance matching). The circuit of Fig. 3-37b is 
typical for multipliers or intermediate amplifiers where the main concern is 
tuning to the resonant frequency. 

Minimum capacitance. Also note that variable capacitors are connected 
in parallel with fixed capacitors in both networks. This parallel arrangement 
serves two purposes. First, it provides a minimum fixed capacitance in case 
the variable capacitor is adjusted to its minimum value. In some cases, if a 
minimum capacitance is not included in the network, a severe mismatch can 
occur when the variable capacitor is at its minimum, resulting in damage to 
the transistor. Another reason for the parallel capacitor is to reduce required 
capacitance rating (an thus the physical size) of the variable capacitor. 

Tuning range. The maximum capacitance range of the tuning network is 
dependent upon the required tuning range of the circuit. A wide frequency 
range requires a wide capacitance range. In a practical circuit, use a capacitor 
with a midrange capacitance equal to the desired capacitance at the center 
frequency. For example, if 25 pF is required to produce resonance at the cen- 
ter operating frequency, use a variable capacitor with a range of | to 50 pF. 
If such a capacitor is not readily available, use a fixed capacitor of 15 pF in 
parallel with a 15-pF variable capacitor. This provides a capacitance range of 
16 to 30 pF, with a midrange of about 23 pF. 

Clags of operation. Normally, amplifiers and multipliers using the circuits 
of Fig. 3-37 are operated class C. The transistors remain cut off until a signal 
is applied, and are never conducting for more than 180° (half-cycle) of the 
360° input signal cycle. In practice, the transistors conduct for about 140° of 
the input cycle, either on the positive half or negative half, depending upon 
the transistor type (NPN or PNP). No bias, as such, is required for this class 
of operation. 

Emitter connection. In RF power amplifiers, the emitter is connected 
directly to ground. In those transistors where the emitter is connected to the 
case (typical in many RF power transistors), the case can be mounted on a 
chassis that is connected to the ground side of the supply voltage. A direct 
connection between emitter and ground is of particular importance in high- 
frequency applications. If the emitter is connected to ground through a resis- 
tance (or even a long lead wire), an inductive or capacitive reactance can 
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develop at high frequencies, resulting in undesired changes in the network. 
Another reason for a direct connection between emitter and ground is to pro- 
duce maximum gain. All other factors being equal, a decrease in emitter re- 
sistance (in relation to collector impedance) produces an increase in amplifier 
gain. 

Power-supply connections. The transistor base is connected to ground 
through an RF choke (RFC). This provides a dc return for the base, as well 
as RF signal isolation between base and emitter or ground. The transistor 
collector is connected to the supply voltage through an RFC and (insome 
cases) through the coil portion of the resonant network. The RFC provides 
dc return, but RF signal isolation, between collector and power supply. When 
the collector is connected to the power supply through the resonant network, 
the coil must be capable of handling the full collector voltage. For this reason, 
final amplifier networks are often chosen so that collector current does not 
pass through the coil (Fig. 3-37a). The circuit of Fig. 3-37b is used for power 
applications where the current is low. 

Radio-frequency-choke ratings. The ratings for RFCs are sometimes con- 
fusing. Some manufacturers list a full set of characteristics: inductance, dc 
resistance, ac resistance, Q, current capability, and nominal frequency range; 
ac resistance and Q are usually frequency dependent. A nominal frequency- 
range characteristic is helpful, but usually not critical. 

All other factors being equal, the dc resistance should be at a minimum 
for any circuit carrying a large amount of current. For example, a large dc 
resistance in the collector of a final power amplifier can result in a large volt- 
age drop between power supply and collector. Usually, the selection of a trial 
value for an RFC is based on a tradeoff between inductance and current 
capability. The minimum current capacity should be greater (by at least 
10 per cent) than the maximum anticipated direct current. The inductance 
is dependent upon operating frequency. As a trial value, use an inductance 
that will produce a reactance between 1000 and 3000Q at the operating 
frequency. 

Bypass capacitances. The power supply circuits must be bypassed. The 
feed-through bypass capacitors shown in Fig. 3-37 are used at higher fre- 
quencies where the RF circuits are physically shielded from the power supply 
and other circuits. The feed-through capacitor permits direct current to be 
applied through the shield, but prevents radio frequencies from passing out- 
side the shield (radio frequencies are bypassed to the ground return). As a 
trial value, use a total bypass capacitance range of 0.001 to 0.1 uF. 

From a practical standpoint, the best test for adequate bypass capacitance 
and RFC inductance is the absence of RF signals on the power-supply side 
of the dc voltage line. If RF signals are present on the power-supply side, the 
bypass capacitance and/or RFC inductance is not adequate. (A possible ex- 
ception to this is when the RF signals are being picked up due to inadequate 
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shielding.) If the shielding is good and RF signals are present in the power 
supply, increase the bypass capacitance value. Also increase RFC inductance. 
Of course, circuit performance must be checked with each increase in capaci- 
tance or inductance value. For example, too much bypass capacitance can 
cause undesired feedback and oscillation; too much RFC inductance can re- 
duce amplifier output and efficiency. The procedures for the measurement of 
RF signals are described in Chapter 7. 

Efficiency. A class C RF amplifier has a typical efficiency of about 65 to 70 
per cent. That is, the RF power output is 65 to 70 percent of the dc input 
power. To find the required dc input power, divide the desired RF power 
output by 0.65 or 0.7. For example, if the desired RF output is 50 W, the dc 
input power is 50/0.7 or about 70 W. Ignore the slight voltage drop across 
the RFC and/or coil, and divide the input power by the power supply voltage 
to find the collector current. With a dc input of 70 W and a 28-V supply, the 
collector current is 2.7 A. 

Transistor characteristics. Transistors must be capable of handling the full 
power-supply voltage at their collectors, and the transistor current and/or 
power rating must be greater than the maximum required values. Likewise, 
the transistor must be capable of producing the necessary power output at 
the operating frequency. These problems are discussed in Chapters | and 2. 

The transistors must also provide the necessary power gain at the operating 
frequency. Likewise, the input power to an amplifier must match the desired 
output and gain. For example, assume that a 50-W RF amplifier is to be de- 
signed, and that the available transistors have a power gain of 10. The final 
amplifier must have an input signal of at least 5 W, with a dc input of about 
7 W. 

Multiplier efficiency. Typically, the efficiency of a second harmonic ampli- 
filer or multiplier (with the output tuned to twice the input frequency) is about 
42 per cent. The efficiencies of third, fourth, and fifth harmonic amplifiers 
are 28, 21, and 18 per cent, respectively, Therefore, if an intermediate ampli- 
fier is to be operated at the second harmonic and produce 5-W RF output, 
the dc power input is approximately 12 W (5/0.42 = 12). 

Another problem to be considered in frequency multiplication is that the 
power gain (as listed on the datasheet) may not remain the same as when 
amplifier input and output are at the same frequency. Some datasheets specify 
power gain at the basic frequency, and then derate the power gain for second 
harmonic operation. As a guideline, always use the minimum power gain 
factor when calculating power input and output values. 


3-9.2. Resonant Network Analysis 


In any RF amplifier, the tuning network must be resonant at 
the desired frequency. (Inductive and capacitive reactance must be equal at 
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the selected frequency.) Also, the tuning network must match the transistor 
output impedance to the load. 

Generally, an antenna load impedance is about 50 Q whereas the output 
impedance of a typical two-junction transistor at radio frequencies is a few 
ohms. In the case where one amplifier feeds into another amplifier, the net- , 
work must match the output impedance of one transistor to the input im- 
pedance of another transistor. Any mismatch can result in a loss of power 
between stages, or to the final load. 

Transistor impedance (both input and output) has both resistive and re- 
active components, and therefore varies with frequency. To design a resonant 
network for the output of a transistor, it is necessary to know the output 
reactance (usually capacitive), the output resistance at the operating fre- 
quency, and the output power. Likewise, it is necessary to know the input 
resistance and reactance of a transistor at a given frequency and power 
when designing the resonant network of the stage feeding into the transistor. 

Generally, the input resistance, the input capacitance, and the output 
capacitance of RF power transistors are shown by means of graphs similar 
to those of Fig. 3-38. The reactance can then be found using the correspond- 
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Fig. 3-38 Typical RF power amplifier transistor characteristics 
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ing frequency and capacitance. For example, the output capacitance shown 
on the graph of Fig. 3-38 is about 15 pF at 80 MHz. This produces a capaci- 
tive reactance of about 130Q at 80 MHz. The reactance and resistance can 
then be combined as necessary. 

Input and output transistor impedances are generally listed on datasheets 
in parallel from. That is, the datasheets assume that the resistance is in parallel 
with the capacitance. However, some tuning networks require that the im- 
pedance be calculated in series form. It is therefore necessary to convert be- 
tween series and parallel impedance forms. The necessary equations are 
listed in Fig. 3-38. 

The output resistance of RF power transistors is usually not shown on 
datasheets, but may be calculated using the equation of Fig. 3-38. 

Typical resonant networks. Figures 3-39 through 3-43 show five typical re- 
sonant networks, together with the equations necessary to find component 
values. Note that these equations are best solved by computer-aided design 
techniques, since many are tedious and time consuming. 
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Fig. 3-39 Radio-frequency network where A; is less than A, 
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Fig. 3-40 Radio-frequency network where A, is approximately equal 
to Ry, 


The networks can be used as amplifiers and/or multipliers. Note that the 
network of Fig. 3-39 is similar to that of Fig. 3-37a, whereas Fig. 3-41 is 
similar to Fig. 3-37b. 

Impedance matching. The resistor and capacitor shown in the box labeled 
“Transistor to be matched” represent the complex output impedance of a 
transistor. When the network is to be used with a final amplifier, the resistor 
labeled R, is the antenna impedance, or other load. When the network is 
used with an intermediate amplifier, R, represents the input impedance of the 
following transistor. It is therefore necessary to calculate the input impedance 
of the transistors being fed by the network, using the data and equations of 
Fig. 3-38. 

The complex impedances are represented in series form in some cases and 
parallel form in others, depending on which form is the most convenient for 
network calculation. The resultant impedance of the network, when terminat- 
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Fig. 3-41 Radio-frequency network where A is very small in relation to A, 
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Fig. 3-42 Radio-frequency network where A, is very small in relation 
to A, (alternative network) 
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Fig. 3-43 Radio-frequency network where A, is very small, or very 
large, in relation to RA; 


ed with a given load, must be equal to the conjugate of the impedance in the 
box. For example, assume that the transistor has a series output impedance of 
7.33. — j3.87. That is, the resistance (real part of impedance) is 7.33 Q, while 
the capacitance reactance (imaginary part of impedance) ts 3.87. 

For maximum power transfer from the transistor to the load, the load im- 
pedance must be the conjugate of the output impedance, or 7.33 + /3.87. If 
the amplifier is designed to operate into a 50-Q external load, the network 
must transfer the 50 +- /0 external load to the 7.33 + /3.87 transistor load. 
In addition to performing this transformation, the network provides har- 
monic rejection (unless a harmonic is needed in a multiplier stage), low loss, 
and provisions for adjustment of both loading and tuning. 

Network characteristics. Each network has its advantages and limitations. 

The network of Fig. 3-39 is applicable to most RF power amplifiers, and 
is especially useful when the series real part of the transistor output imped- 
ance, or R,, is less than 50 Q. With a typical 50-Q load, the required reactance 
of C, rises to an impractical value when R, is close to 50-Q. 

The network of Fig. 3-40 (often known as a Pi network) is best suited where 
the parallel resistor R, is high (near the value of R,, typically 50 Q). If the 
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network of Fig. 3-40 is used with a low value of R, resistance, the inductance 
of L, must be very small, whereas C, and C, become very large (beyond prac- 
tical limits). 

The networks of Figs. 3-41 and 3-42 produce practical values of C and L, 
especially where R, is very low. The main limitation for the networks of Figs. 
3-41 and 3-42 is that R, must be substantially lower than R,. These networks, 
or variations thereof, are often used with intermediate stages where a low 
output impedance of one transistor must be matched to the input impedance 
of another transitor. 

The network of Fig. 3-43 (often known as a Tee network) is best suited 
when R, is much less or much greater than R,. That is, the Fig. 3-43 network 
is well suited to drastic mismatch situations (such as matching a transistor 
with an output impedance of 10 Q to a an 300-Q antenna). 


3-10. USING DATASHEET GRAPHS TO DESIGN 
RADIO-FREQUENCY AMPLIFIER NETWORKS 


High-frequency characteristics are especially important in the 
design of RF networks. Unfortunately, the high-frequency information pro- 
vided on many datasheets in tabular form is not adequate for simplified 
design. To properly match impedances, both the resistive and reactive com- 
ponents must be considered. The reactive component (either inductive or 
capacitive) changes with frequency. In practical amplifier work it is neces- 
sary to know the reactance values over a wide range of frequencies, not at 
some specific frequency (unless you happen to be designing for that frequency 
only). The best way to show how resistance and reactance vary in relation to 
frequency for a particular transistor is by means of graphs or curves. For- 
tunately, manufacturers who are trying to sell their transistors for high- 
frequency power-amplifier use generally provide a set of curves showing the 
characteristics over the anticipated frequency range. 

The following paragraphs describe the basic design steps for an RF power 
amplifier, using typical datasheet curves and the equations of Figs. 3-38 
through 3-43. 

The amplifier shown in Fig. 3-44 delivers 30-W output at 175 MHz, witha 
gain of about 29 dB and S50 per cent overall efficiency. 


3-10.11. Circuit Analysis 


A summary of the amplifier’s performance is given in the table 
in Fig. 3-44. The circuit operates from a positive-grounded 28-V supply, 
and draws 2.1 A for a 30-W output. All stages are class C amplifiers with zero 
no-signal bias. Conventional single-tuned matching networks are used 
throughout. 
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Fig. 3-44 A 175-MHz amplifier circuit 
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The circuit uses the first commercially available PNP VHF high-power 
transistors, the Motorola 2N5160, 2N5161, and the 2N5162. The gain and 
power output of these transistors are shown in Figs. 3-45 through 3-47. 

The 2N5161 and 2N5162 transistors, which are used in the driver and final 
stages, are furnished in TO-60 stud packages with the emitter internally con- 
nected to the case. This is important for class C operation, since a low im- 
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Fig. 3-45 Power output versus frequency of 2N5160 
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Fig. 3-46 Power output versus frequency of 2N5161 
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Fig. 3-47 Power output versus frequency of 2N5162 


pedance emitter ground is necessary to obtain maximum gain from each 
stage. With the emitter connected internally to the stud, a good ground re- 
sults from bolting the stud to a copper heat sink fastened to the conductive 
chassis ground. This mounting also aids in conducting the heat away from 
the transistor, helping to maintain the junction operating temperature at a 
safe value below the specified maximum of 200°C (typical for silicon power 
transistors). 

The other transistor in the circuit is a 2N5160 used as a predriver. The 
2N5160 is supplied with a TO-39 case. 

Basic design procedure. Figures 3-48 through 3-56 contain information 
about large-signal complex impedances for the three transistors. This is all 
the data required for design, except the collector load resistance (parallel 
output resistance), which can be computed using the equation of Fig. 3-38. 
As shown, the parallel output resistance is approximately equal to the col- 
lector voltage squared, divided by twice the power output or, for the final 
amplifier, 


287 


This equation, although a guideline, has proved to be within 20 per cent of 
the actual collector load resistance required for maximum power transfer. 
The computed value of parallel output resistance Rp is combined with the 
parallel equivalent output capacitance Coyz of the final amplifier to form the 
conjugate of the collector load impedance to be matched to the external am- 
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Fig. 3-48 Parallel equivalent input resistance versus frequency of 
2N5160 
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Fig. 3-49 Parallel equivalent input capacitance versus frequency of 
2N5160 
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Fig. 3-50 Parallel output capacitance versus frequency of 2N5160 
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Fig. 3-51 Parallel equivalent input resistance versus frequency ot 
2N5161 


plifier load. From Fig. 3-56, the output capacitance of the 2N5162 is found 
to be 36 pF when operating with 30-W output power at 175 MHz. This a 
reactance of 28 Q (at 175 MHz). 

The impedance to be conjugately matched at the collector is composed of 
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Fig. 3-52 Parallel equivalent input capacitance versus frequency of 
2N5161 
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Fig. 3-53 Parallel output capacitance versus frequency of 2N5161 


13.1-Q resistance in parallel with 28-Q capacitive reactance. For the output 
network configuration selected (that of Fig. 3-39 where R, is considerably 
smaller than R,), it is more convenient to work with the equivalent series 
components of impedance. The parallel impedances can be converted to 
series with the equations of Fig. 3-38, as follows: 


AG 
Rs = agp = 10-79 
X, = 10.75 x 13:1 — —5.04 


—28 
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Fig. 3-54 Parallel equivalent input resistance versus frequency of 
2N5162 
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Fig. 3-55 Parallel equivalent input capacitance versus frequency of 
2N5162 
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Fig. 3-56 Parallel output capacitance versus frequency of 2N5162 


The series impedance is 10.75-/5.04 (the minus is used since reactance 1s 
capacitive). 

Since the amplifier is designed to operate into a 50-Q load, the collector 
network must transform the amplifier load (50 -+ 70 Q) into the required col- 
lector load impedance (10.75 + 75.04 Q). This can be done using the equa- 
tions of Fig. 3-39. For example, with an assumed Q of 5, the reactance of 
L, is 

X,, = (5 X 10.75) + 5.04 = 60Q 


With a frequency of 175 MHz and a reactance of 60, the value of LZ, is 
approximately 50 nH. 
The reactance of C, is 


B 280 


a 6 a ae 


=x 100Q 


With a frequency of 175 MHz and a reactance of 100, the value of C, is 
approximately 9 pF. 
The reactance of C, is 


Xe, = 2.14 x 50 = 1072 


With a frequency of 175 MHz and a reactance of 107, the value of C, is 
approximately 8 pF. 
The values of A and B on Fig. 3-39 are found as follows: 


_ OTs +S), 
A= sf 1 2.14 


B = 10.75(1 + 52) = 280 


206 Radio-Frequency Amplifiers Chap. 3 


The values for remaining networks in the amplifier of Fig. 3-44 can be 
found using similar procedures. 


3-11. USING SAMPLED y-PARAMETER TECHNIQUES 
TO DESIGN RADIO-FREQUENCY AMPLIFIER 
NETWORKS 


This section describes the design of a UHF broadband ampli- 
fier using sampled y-parameter techniques, as developed by Motorola. The 
section also illustrates the use of the Smith chart to calculate y parameters 
(admittances). The sampled y-parameter technique is an extension of the con- 
ventional small-signal y-parameter design described in previous sections of 
this chapter, and is particularly useful at ultrahigh frequencies. 

The amplifier, shown in Fig. 3-57, has a midband gain of 31 dB + | dB. 
The lower 3-dB cutoff point occurs at 3.1 MHz and the upper end at 405 
MHz. The frequency response is given in Fig. 3-58. The usable sensitivity 
defined as input signal required to produce a S + N/N = 10GB is 100 pV. 
The dynamic range is 40 dB, which corresponds to a root-mean-square 
output voltage of | to 100 mV. 


3-717.1. Circuit Analysis 


As shown in Fig. 3-57, the 400-MHz broadband amplifier 
consists of three identical stages. Both input and output are terminated into 
50-Q impedances. Since the stages are identical, only one stage is discussed. 

A shunt feedback network composed of L,, L;, R,, R;, and C, is used to 
stabilize gain over the 400-MHz bandwidth. Capacitor C, is used for block- 
ing direct current, and could be replaced by an appropriate zener diode. 
Inductor L, is the interstage coupling used to match the output impedance 
of one stage to the input impedance of the following stage. 

The choice of the 2N4957 for this application stems from its high gain and 
very low noise figure at ultrahigh frequencies. At a bias current of 5 mA, the 
2N4957 has acurrent gain of 50. The input impedance is approximately equal 
to the current gain/transconductance, or 250Q. A relatively small feedback 
loop gain (small feedback conductance) is required to reduce the input 1m- 
pedance to 50 Q, which is the prescribed source value. Thus, the open-loop 
gain of the amplifier is not excessively sacrificed, allowing a relatively high 
closed-loop gain. 

If minimum noise figure is a major consideration, the 2N4957 should be 
biased at 2 mA, which has been found to be an optimum bias point for noise 
figure. However, if 2 mA is used and the input impedance is held to 50 Q, a 
larger feedback loop gain is needed, and a considerable amount of the open- 
loop gain is sacrificed. 

It is not necessary to bias each stage identically. The first stage may be 
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Fig. 3-57 A 400-MHz wideband amplifier 


biased for minimum noise, and the following stages for high gain to achieve 
overall optimum performance. However, the design work is more time con- 
suming for this case. 


3-177.2. Design Analysis 


The design of a multistage broadband amplifier, without an 
overall feedback loop, may be broken down to that of the individual stages. 
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Fig. 3-58 Frequency response of amplifier 


To minimize the interaction between stages, an interstage coupling network 
is needed to match the output impedance of one stage to the input impedance 
of the next stage. For example, if the individual stages are designed to have 
input and output terminations of 50 Q, cascading of individual stages can be 
achieved without interaction between stages. 

Usually, negative feedback is required to stabilize the gain-frequency 
characteristics. There are four possible feedback schemes, as shown in Fig. 
3-59. 

Each scheme has its own merit, and can be readily characterized by differ- 
ent two-port parameters: y parameters for shunt-shunt, g parameters for 
shunt-series, / parameters for series—shunt, and z parameters for series—series. 

For the transistor having an input impedance higher than that of the input 
termination, a shunt-shunt feedback scheme is quite suitable for matching the 
required source to the input impedance of the device. Moreover, y parameters 
can be used readily for design calculations. Only the shunt-shunt feedback 
configuration will be discussed. 

The design procedure can be divided into the following steps: 


1. Determine the required design specifications of gain, bandwidth, and input 
and output terminations. 
2. Determine the feedback network. 
a. Use a low-frequency transistor model to calculate the value of feedback 
conductance to meet the gain and input impedance requirements. 
b. Use a constant G,, (which is the power gain when Y; = 22, or the power 
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Fig. 3-59 Feedback schemes in RF amplifiers 


gain when the load admittance equals the transistor output admittance) 
plot to estimate device high-frequency gain capability under the bias 
conditions. 
c. Use the constant gain expression to calculate the feedback inductance 
to meet gain and bandwidth requirements. 
3. Realize a feedback network. 
4. Determine the interstage coupling network. 


3-1717.3. Design Example 


The following is an illustration of how the four basic steps can 
be implemented: 


1. Design specifications: 
Gain: 30 dB + 1dB 
Bandwidth: 400 MHz 
Input termination: 50 Q 
Output termination: 50 Q 
2a. Construct a low-frequency model. as shown in Fig. 3-60. Note the gain 
expression and input admittance expression shown on Fig. 3-60. 
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G,, —G, Fig. 3-60 Low-frequency model 
Y= Gy Ge (1+ GiiG. with corresponding gain expres- 
sion and input impedance 
Courtesy Motorola expression 


Once the load, G,, is chosen, there is one-to-one correspondence 
between gain and the value of G;, and between Yj; and G,. The choice of 
Gr for a desired value of gain automatically fixes the input impedance. 

The gain and its corresponding input admittance are plotted versus Gy 
in Fig. 3-61. If the constant gain function is mapped on the Z; plane of an 
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Fig. 3-61 Gain and corresponding input admittance plotted against 
Gp for the 2N4957 
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Fig. 3-62 Constant G,, and G for 2N4957 in Smith chart form 
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impedance chart (known as the Smith chart), it represents a circle of con- 
stant Ry, which is equal to the reciprocal of Gp. Figure 3-62 shows two 
circles of constant gain of 10 and 12 dB plotted on a Smith chart. 

2b. Estimate high-frequency gain capability. This is done by mapping G,, into 
the Y, = 1/Z, plane of the Smith chart. The equations for calculating 
G,. are given on Fig. 3-62, along with the values necessary to make the 
plot. Figure 3-62 shows two 400-MHz constant G,, curves of 10 and 12 dB 
superimposed on the low-frequency constant gain curves. If the constant 
G,. Curve intersects the corresponding low-frequency gain circle, the 
device is capable of yielding the gain and bandwidth at the specified input 
impedance. Maximum gain bandwidth capability occurs when the two 
circles are tangent to each other. 

For this particular example, a 2N4957 biased at 5 mA of collector 
current and 10-V collector voltage has a capability of 12-dB gain at 400 
MHz with an input impedance of 30 Q, and 10 dB at 400 MHz with a 
23-Q input. Figure 3-63 lists the y parameters of the device at the sampled 
frequencies. 


Courtesy Motorola 
Fig. 3-63 Y-parameters of the FET at sampled frequencies 


2c. Approximate determination of feedback network. The intersection of the con- 
stant G,, curve, and its corresponding low-frequency gain, represents a 
feedback network that at least will yield the gain specified at the two 
extremes. In this example, for 10-dB gain the possible values of Y, are 
5.5 — j3.0 and 1.0 + /2.5. The latter, being a capacitive network, is dis- 
carded. The 5.5 — /3.0 Y, corresponds to a series feedback network com- 
posed of a 150-Q resistance and a 300-nH inductance. A typical frequency 
response of the amplifier using this feedback network and Y; = y22. + Yr 
at the high-frequency extreme is shown in Fig. 3-64. 


2d. Final determination of feedback network. In order to flatten the frequency 
response at the intermediate frequencies, alteration of either Y;, Yz,, or 
both should be made. One way of determining the feedback network is by 
repeating the same steps of 2c at intermediate sampled frequencies. 
(It is obvious that all these calculations are best accomplished on a com- 
puter.) 
Figure 3-65 shows the intersections of the 10-dB G,, with the 10-dB 
low-frequency gain curve at 100, 200, and 300 MHz, with a respective 
Y, of 4.2 — j3.5, 4.7 — j3.4, and 5.0 — /3.5 mmhos. 


Fig. 3-64 Amplifier frequency Frequency (MHz) 
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Fig. 3-65 Intersections of 10-dB G,, and 10-dB low-frequency gain 
curve at 100, 200, 300 MHz 
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The corresponding series inductance, L;, of the feedback network is 
plotted versus frequency as the dashed line of Fig. 3-66. If Y; is kept con- 
stant, in this case 20 + j0, Ly varies with frequency as shown by the solid 
line of Fig. 3-66. The solid line is obtained from calculation of the 10-dB 
constant gain expression. 


3. Realization of the feedback network. The frequency characteristics of a 
VHF toroidal inductance are similar to that of the desired Ly, so it is partic- 
ularly well suited for this application. Since frequency response is highly 
dependent upon the feedback network, it is best determined with the 
physical circuit. Figure 3-67 shows the typical responses obtained when the 
corresponding feedback networks are used. The measured L, in the final 
circuit is given in Fig. 3-66. 

4. Determination of interstage coupling network. As long as Y, is not fre- 
quency selective, Y, does not affect the frequency response significantly. 
The interstage coupling network is designed to provide some impedance 
transformation to improve gain at the high-frequency end. At low frequen- 
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Fig. 3-66 Frequency versus L, for G and G,, 
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Fig. 3-67 Feedback network response 


cies, Y;, = 20 + /0 mmhos. A series inductance of 180 nH is used for the 
interstage coupling in this case. 


4. DIRECT-COUPLED 
AND COMPOUND 
AMPLIFIERS 


The amplifiers discussed in Chapters | through 3 have one 
major limitation in certain applications. The amplifiers discussed thus far 
cannot amplify direct currents (or direct voltages). Direct currents will not 
be passed by coupling capacitors or transformers. Equally as important, am- 
plifiers using transformers and/or coupling capacitors are not well suited for 
amplification of low frequencies. As discussed in Chapter 2, coupling capaci- 
tors form a voltage divider with the input impedance of the following stage. 
Such dividers increase attenuation of the signal as frequency decreases. In 
the case of transformers, the impedance offered at low frequencies virtually 
shorts low-frequency signals (since inductive reactance decreases with fre- 
quency). 

For these reasons, direct-coupled amplifiers are used if direct currents 
and/or low-frequency signals must be amplified. Direct-coupled amplifiers, 
also known as DC amplifiers, permit a signal to be fed directly to the transis- 
tor without the use of any coupling device. Direct-coupled amplifiers are 
used in many electronic instruments, to operate relays, and for similar ap- 
plications. Direct-coupled amplifiers may be single stage or multistage. 
However, direct coupling is generally limited to three stages. 


4-1. BASIC DIRECT-COUPLED AMPLIFIER THEORY 


The basic circuit of a DC amplifier using a PNP transistor in a 
common-emitter configuration is illustrated in Fig. 4-1. Resistors R, and R, 
form a voltage divider to forward bias the emitter—base junction of the transis- 
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Fig. 4-1 Basic circuit of a direct-coupled amplifier 


tor. Resistor R, is the emitter stabilizing resistor, and C, is the bypass capa- 
citor. Resistor R, is the collector load resistor. The voltage drop across R,, 
caused by the flow of collector current, is the output voltage. 

If the input voltage increases the forward bias of the emitter—base junction, 
the emitter current is increased. This, in turn, increases the collector current 
and the output voltage. If the input voltage reduces the forward bias, the col- 
lector current is reduced, as is the output voltage. 

The range of input voltages which may be applied to a direct-coupled 
transistor is small. The forward bias must not be increased to the point where 
the transistor operates in its saturated region, nor can the bias be reduced so 
that the transistor is cut off. 

The circuit of a two-stage direct-coupled amplifier using two PNP transis- 
tors in common-emitter configuration is shown in Fig. 4-2. Resistors R, and 
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Fig. 4-2 Direct-coupled ampli- 
fier with two stages of like 
transistors (PNP) 
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R, form a voltage divider to forward bias the emitter—base junction of Q,, 
Resistor R,, is the emitter stabilizing resistor for Q,, and C,, is the bypass 
capacitor. 

Resistor R,, serves the double purpose of collector load resistor for QO, 
and voltage-dropping resistor to forward bias the emitter—base junction of 
Q,. Resistor R,, is the emitter stabilizing resistor for 0,, and C,, is the bypass 
capacitor. Resistor R,, is the collector load resistor for Q,. 

The amplifier of Fig. 4-2, where both transistors are PNP (or NPN), has a 
tendency to become unstable. For example, if the collector current of QO, 
varies because of power supply or temperature changes, Q, will amplify these 
changes, and will add to them the changes caused by its own variations. For 
this reason, it is difficult to cascade more than two stages of direct coupling 
where both transistors are of the same type (PNP or NPN). 

The circuit of a more stable direct-coupled amplifier is illustrated in Fig. 
4-3. Here, Q, is an NPN transistor with the collector coupled directly to the 
base of Q,, a PNP transistor. Such an arrangement is known as a comple- 
mentary amplifier. The forward bias for the emitter—base junction of Q,, and 
the reverse bias for the collector—base junction, are obtained from the +V¢. 
supply in the normal manner. The emitter of Q, is connected to +V¢, 
through R,, (which is bypassed by C,,). The collector resistor R,,, the im- 
pedance of Q,, and resistor R,, form a voltage divider across the Vcc supply. 

With such an arrangement, the base of Q, is less positive (or more negative) 
than the emitter. Thus, the emitter—base junction of Q, (PNP) is forward 
biased. The collector of Q, is grounded through the output load resistor R,>. 
Since the negative terminal of the power supply (or —V¢¢) is also grounded, 
reverse bias for the collector—base junction of Q, is established. 

The increased stabilization for the complementary direct-coupled amplifier 
arises from the fact that a change in collector current of Q, (due to tempera- 
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Fig. 4-3 Direct-coupled complementary amplifier (WPN-—PNP) 
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ture, power supply variation, etc.) is opposed by an equal change in collector 
current of Q, (but in the opposite direction). If more stages are to be added, 
the complementary system is continued. That is, NPN and PNP amplifiers 
are used alternately. The circuit of such a three-stage complementary ampli- 
fier is shown in Fig. 4-4. 

It is possible to use direct coupling between unlike stages, such as a com- 
mon-emitter amplifier and an emitter follower. This arrangement is shown 
in Fig. 4-5. Here, transistor Q, is connected in a conventional common- 
emitter amplifier configuration (with emitter bypass for high gain). The 
collector of Q, is direct coupled to the base of Q,, which is connected in a 
common-collector (or emitter-follower) configuration. 
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Fig. 4-4 Three-stage direct-coupled complementary amplifier 


Fig. 4-5 Direct-coupled high- 
gain common-emitter — stage, 
followed by a_ low-output 
impedance common-collector 
(emitter-follower) stage 
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Forward bias for the emitter—base junction of Q, is obtained from the 
power supply through resistor R,, which also serves as the collector load for 
Q,. Capacitor C places the collector of Q, at ground potential, as far as 
signal is concerned. Output is taken across R,,, which is the emitter resistor 
for Q,. The circuit of Fig. 4-5 is particularly useful when the output must be 
at a low impedance. The value of R,, sets the approximate output impedance 
of the circuit. 


4-2. PRACTICAL DIRECT-COUPLED TWO-JUNCTION 
TRANSISTOR AMPLIFIERS 


Figure 4-6 is the working schematic of a two-stage direct- 
coupled complementary amplifier. Figure 4-6 also shows the equations for 
finding approximate component values, and gives some typical component 
values and currents. 

Note that two- and three-stage amplifiers, similar to that shown in Fig. 
4-6, are available commercially as hybrid circuits. As discussed in Sec. 2-10, 
hybrid circuits are complete (or nearly complete) packages similar to inte- 
grated circuits. It is generally easier to design with hybrid circuits rather than 
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Fig. 4-6 Basic direct-coupled 
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with individual components, since impedance relationships, Q point, and so 
forth, have been calculated by the circuit manufacturer. Also, the datasheets 
supplied with the hybrid circuits provide information regarding source volt- 
age, gain, impedances, and the like. 

The datasheet information can be followed to adapt the hybrid circuit for 
a specific application. However, in some cases, it is necessary to select values 
of components external to the hybrid circuit package. For this reason, and 
since it may be necessary to design a multistage direct-coupled amplifier 
(with individual components) for some special application, the following 
design considerations and examples are provided. 


4-2.1. Design Considerations 


Note that the circuit elements for transistor Q, in Fig. 4-6 are 
essentially the same as for the circuit of Fig. 2-20 (the basic single-stage two- 
junction transistor amplifier) of Chapter 2. Also note that the same circuit 
arrangement is used for transistor Q,, except that R, and R, are omitted (as 
is the coupling capacitor between stages). 

The design considerations for the circuit of Fig. 4-6 are essentially the same 
as for the circuit of Fig. 2-20, except for the following: 

The input impedance of the complete circuit is approximately equal to R, 
(510 Q). The output impedance is set by R,, (510 Q). 

The value of C, is dependent upon the low-frequency limit and the value 
of R,. For example, if the low-frequency limit is 30 Hz, an approximate value 
of 20 wF is required for C, to produce a 1-dB (at 30 Hz). The value of C, is 
dependent upon the low-frequency limit and the value of input resistance of 
the following stage (or the load). Capacitors C, and C, can generally be 
eliminated, except in those cases where an ac signal is mixed with direct cur- 
rent. 

When two stages are direct coupled in the stabilized circuit of Fig. 4-6, 
the overall voltage gain is about 70 per cent (possibly higher) of the combined 
gains of each stage. The gain of each stage is approximately 10, as set by the 
10-to-1 ratio of collector emitter resistances. The combined gain of the circuit 
is theoretically 100, and practically about 70. Thus, an input of 100 mV is 
increased to about 7 V at the output. 

The signal at the base of Q, is approximately 10 times the signal at the 
base of Q,. Thus, there is an approximate 1I-V signal at the base of Q,. This 
signal can be a varying direct current or an ac sinewave, or even a pulse. In 
any event, the base of Q, must be biased to accommodate the 1-V signal. 

The collector of Q, should be approximately 10 V at the Q point. This 
will allow for the full 7-V output swing. With the collector of Q, at 10 V, there 
is an approximate 20-mA current through R,, and R,,. This produces an 
approximate 1-V drop across R,,. Assuming that the transistors are silicon, 


222 Direct-Coupled and Compound Amplifiers Chap. 4 


the base of Q, should be about 0.5 V from the emitter. Since Q, is PNP, the 
base should be more negative (or less positive) than the emitter. The emitter 
of Q, is at about +19 V (+20-V supply, minus the 1-V drop across R;,). 
Thus, the base of Q, should be + 18.5 V. This also sets the collector voltage 
for Q, at the Q point. A Q-point collector voltage of 18.5 V will allow for 
the full 1-V signal swing. 

The Q-point voltage of Q, is set by the collector current (approximately 
3 mA). In turn, the collector current is set by the bias network R, and R, in 
the usual manner. In practice, the resistance values are approximated, and 
then R, is adjusted to give the desired Q point. The final adjustment of R, is 
made for distortion-free 7-V signal at the collector of Q, (with a 100-mV in- 
put signal applied to Q,). 

Since gain of the amplifier is set by circuit values, little concern need be 
given to transistor beta. Of course, the beta of each transistor must be greater 
than 10 at all frequencies that the circuit must amplify. Note that the circuit 
of Fig. 4-6 is highly stable, and has a very wide band frequency response 
(typically from direct current on up to whatever maximum is set by the transis- 
tor high-frequency limitations). 

If gain must be increased, the emitter resistor can be bypassed. Amplifier 
gain is then entirely dependent upon transistor beta, rather than circuit val- 
ues. However, as discussed in Chapter 2, bypassing the emitters creates prob- 
lems for low-frequency signals. Since one of the prime reasons for using 
direct coupling is to amplify low-frequency signals, emitter bypassing may 
defeat the advantage of direct coupling. Likewise, if the circuit is used to 
amplify de signals, the emitter bypass will be of little value. 

Figure 4-7 shows an alternative method for bypassing the emitters of a 
direct-coupled amplifier with one capacitor. In effect, collector load resistor 
R,, is broken up into two resistances (R,,, and R,,,), and connected in series 
with the emitter of Q, as a form of feedback. The bypass capacitor C; is 
connected between the junction of R,,, and R,,.,. With such an arrangement, 


Fig. 4-7 Direct-coupled ampli- 
fier with partially bypassed feed- 
back 
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the signal is bypassed, as is part of the feedback. This alters input impedance, 
as well as voltage gain. In effect, voltage gain is sacrificed for increased input 
impedance, resulting in increased stability. However, the low-frequency signal- 
attenuation problem caused by C; still exists. 


4-3. PRACTICAL DIRECT-COUPLED FET AMPLIFIERS 


Both IGFETs and JFETs can be used in direct-coupled am- 
plifiers. However, IGFETs are especially well suited to direct-coupled appli- 
cations. Since the gate of an IGFET acts essentially as a capacitor, rather 
than a doide junction, no coupling capacitor is needed between stages. For 
ac signals, this means that there are no low-frequency cutoff problems, in 
theory. In practical design the input capacitance can form an RC filter with 
the source resistance, and result in some low-frequency attenuation. 

Figure 4-8 is the working schematic of an all-IGFET, three-stage amplifier. 
Note that all three IGFETs are of the same type, and all three drain resistors 
(R,, R,, and R;) are the same value. This arrangement simplifies design. At 
first glance it may appear that all three stages are operating at zero bias. 
However, when J, flows, there is some drop across the corresponding drain 
resistor, producing a voltage at the drain of the stage, and an identical voltage 
at the gate of the next stage. The gate of the first stage is at essentially the 
same voltage as the drain of the last stage, because of feedback resistor R,. 


— Supply 


Gain without A; ~ (R, x yz) (Ro x Yy,) (Re X Veg) 


ie 
in" gain 


Fig. 4-8 Basic IGFET multistage amplifier 
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There is no current drain through R,;, with the possible exception of reverse 
gate current (which can be ignored for practical purposes). 

Operating point. To find a suitable operating point for the amplifier, it is 
necessary to trade off between desired output voltage swing, IGFET charac- 
teristics, and supply voltage. For example, assume that an output swing of 
7 V peak-to-peak is desired, and the supply voltage is 24 V. Furthermore, 
assume that the Jp is about 0.55 mA when V, is 7 V. A suitable operating 
point would be 7 V to accommodate the 7-V output swing without distor- 
tion. (The swing would be from 3.5 to 10.5, about the 7-V point.) This re- 
quires an 18-V drop from the 24-V supply. With 0.55-mA Jp and an 18-V 
drop, the values of R,, R,, and R, should be about 33 kQ. 

Gain. The overall voltage gain is dependent upon the relationship of the 
gain without feedback and the feedback resistance R,. Gain without feed- 
back is determined by Y,, and the value of R,, R, and R;. For example, 
assume a Y,, of 1000 zmhos (0.001 mho); the gain of each stage is 33 (33,000 
xX 0.001 = 33). With each stage at a gain of 33, the overall gain (without feed- 
back) is about 36 kQ. 

To find the value of R,, divide the gain without feedback by the desired 
gain. Multiply the product by 100. Then multiply the resultant product by 
the value of R,. For example, assume a desired gain of 3000 (the gain without 
feedback is 36,000): 36,000/3000 = 12; 12 x 100 = 1200; 1200 x 33,000 = 
39.6 MQ (use the nearest standard to 40 MQ). 

Input impedance. The input impedance is dependent upon the relationship 
of gain and feedback resistance. The approximate impedance is R;/gain. 

Since gain is dependent upon Y,,, input impedance is subject to variation 
from FET to FET, and with temperature. 


4-3.1. Direct-Current FET Amplifier 


The circuit of Fig. 4-8 requires one coupling capacitor at the 
input. This is necessary to isolate the input gate from any direct current vol- 
tage that may appear at the input generator or other device. This makes the 
circuit of Fig. 4-8 unsuitable for use as a dc amplifier. The coupling capacitor 
forms an RC filter with the input resistance. However, since the resistance is 
so high, a 0.01-F coupling capacitor will produce less than 1-dB drop, even 
at frequencies of a few hertz. 

The circuit can be converted to a dc amplifier when the coupling capacitor 
is replaced by a series resistor R,y, as shown in Fig. 4-9. 

The considerations concerning operating point are the same for both cir- 
cuits. However, the series resistance must be terminated at a dc level equiva- 
lent to the operation point. For example, if the operation point is —7 V, 
point A must be at —7 V. If point A is at some other de level, the operating 
point is shifted. 
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— Supply 


Gain = 
in 


Input impedance ~ A, Output impedance ~ AR, 


Fig. 4-9 Basic IGFET direct-coupled amplifier 


The relationships of input impedance, R,, and gain still hold. However, 
input impedance is approximately equal to R,,. Therefore, gain is approxi- 
mately equal to the ratio of R,;/R,;y. This makes it possible to control gain by 
setting the R,/R,y ratio. Of course, the gain cannot exceed the gain-without- 
feedback (open-loop) factor, no matter what the ratio of R;/R,, (closed-loop). 
As a general rule, the greater the ratio of open-loop gain to closed-loop 
gain, the greater the circuit stability. 

As an example, assume that the open-loop gain is 36,000, and the desired 
gain is 6000. This requires a ratio of 6 to 1. 

As another example, assume that the desired gain is 5000, R, is 40 MQ, 
and the open-loop gain is 36,000. 5000 is considerably less than 36,000, so the 
circuit is well capable of producing the desired gain with feedback. To find 
the value of R,y; 


40 x 10° 


Riy © BT 8X 10°(8 kQ) 


4-3.2. Amplification from Grounded Sources 


The circuit of Fig. 4-9 requires that the signal source be at a 
dc level equal to the operating point. In many cases, it is necessary to amplify 
dc signals at the zero or ground level. This can be accomplished by using a 
depletion-mode JFET at the input, as shown in Fig. 4-10. 
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Fig. 4-10 Direct-coupled FET amplifier with JFET input, followed by 
two IGFETs 


Feedback is introduced by connecting the sources of both Q, and QO, toa 
common source resistor R,. The source of Q, is not provided with source 
resistor, but there is some bias on Q, produced by the J, drop across R,;. The 
input impedance of the Fig. 4-10 circuit is set by the value of R, and the gate 
—drain capacitance of Q,. 

Gain can be sacrificed for stability by increasing the value of R,. With the 
values shown and typical FETs, the gain should be on the order of 3000 to 
5000. The bias and operating point for Q, and Q, is set by R;, shown as 33- 
kQ. In practice, the value of R; is approximated by calculation, and then 
adjusted for a desired operating point at the output (drain) of Q3. 


4-4. HYBRID DIRECT-COUPLED AMPLIFIERS 


In certain applications, FET stages and two-junction transis- 
tor stages can be combined to form hybrid amplifiers. The classic example is 
where a single FET stage is used at the input, followed by two two-junction 
amplifier stages. Such an arrangement takes advantage of both the FET and 
two-junction transistor characteristics. 

A FET is essentially a voltage-operated device permitting large voltage 
swings with low currents. This makes it possible to use high resistance values 
(resulting in high impedance) at the input and between stages. In turn, these 
high resistance values permit the use of low-value coupling capacitors and 
eliminate the need for bulky, expensive electrolytic capacitors. If operated 
at the OTC point, the FET is highly temperature stable, tending to make the 
overall amplifier equally stable. However, FETs have the characteristic of 
operating at low currents, and are therefore considered as low-power devices. 
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Two-junction transistors are essentially current-operated devices permit- 
ting large currents at about the same voltage levels as the FET. Thus, with 
equal supply voltage and signal voltage swings, the two-junction transistor 
can supply much more current gain (and power gain) than the FET. Since 
currents are high, the impedances (input, interstage, and output) must be 
low in two-junction transistor amplifiers. This requires large-value coupling 
capacitors if low frequencies are involved. The low impedances also place a 
considerable load on devices feeding the amplifier, particularly if the devices 
are high impedance. On the other hand, a low output impedance is often a 
desirable characteristic for an amplifier. 

When a FET is used as the input stage, the amplifier input impedance is 
high. This places a small load on the signal source and allows the use of a 
low-value input coupling capacitor (if required). If the FET is operated at 
the OTC point, the amplifier input is temperature stable. (Generally, the 
input stage is the most critical in regards to temperature stability.) When 
two-junction transistors are used as the output stages, the output impedance 
is low, and current gain (as well as power gain) is high. 

Hybrid amplifiers can be direct coupled or capacitor coupled, depending 
on requirements. The direct-coupled configuration offers the best low-fre- 
quency response, permits dc amplification, and is generally simpler (uses 
less components). The capacitor-coupled hybrid amplifier permits a more 
stable design and eliminates the voltage-regulation problem common to all 
direct-coupled amplifiers. (That is, a direct-coupled amplifier cannot dis- 
tinguish between changes in signal level and changes in power-supply level. 
This problem is discussed further in Sec. 4-5.) 

The FET can be combined with any of the classic two-stage two-junction 
transistor amplifier combinations. The two most common combinations are 
the Darlington pair (for no voltage gain, but high current gain and low out- 
put impedance), and the NPN-PNP complementary amplifier pair (for both 
voltage gain and current gain). (The Darlington pair is discussed in Sec. 4-6.) 


4-4.1. FET Input, Two-Junction Transistor Output Amplifier 


Figure 4-11 is the working schematic of a direct-coupled am- 
plifier using a FET input stage, and a two-junction transistor pair as the 
output. Note that local feedback is used in the FET stage (provided by source 
resistor R;), as well as overall feedback (provided by resistance R,). 

The design considerations for the FET portion of the circuit are essentially 
the same as described in Chapter 2, with certain exceptions. Input impedance 
is set by the value of R,, as usual. Output impedance is set by the combina- 
tion of R, and R;. However, since Rs is quite small in comparison to R,, 
the output impedance Is essentially equal to Rx. 
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Input impedance ~ A, 
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Q, gain ~ = * 1 
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Q,-Q3 gain ~ beta R. ~ 352 


Ra ~2xR, 


Fig. 4-11 Direct-coupled hybrid amplifier 


The gain of the FET stage is set by the ratio of R, to Rs, plus the 1/Y,, 
factor. However, since R, is quite small, the FET gain is set primarily by the 
ratio of R, to 1/Y,,. The gain of the two-junction transistor pair is set by the 
beta of the two transistors and the feedback. Thus, the gain can only be esti- 
mated. 

Note that the drop across R, is the normal base-emitter drop of a transis- 
tor (about 0.5 to 0.7 V for silicon, and 0.2 to 0.3 V for germanium). The 
drop across R, is twice this value (about | to 1.5 V for silicon, and 0.4 to 
0.6 V for germanium). Thus, for a typical silicon transistor, the base of Q, 
and the drain of Q, operate at about | V removed from the supply. In a 
practical experimental circuit, R, must be adjusted to give the correct bias 
for Q, (and operation point for Q,). The same is true for R,;. However, as a 
first trial value, R,; should be about twice the value of R,. 

Design starts with a selection of J, for the FET. If maximum temperature 
stability is desired, use the OTC level of Jp. This usually requires a fixed bias, 
as described in Chapters | and 2. If temperature stability is not critical, the 
FET can be operated at zero bias by omitting R,. There is some voltage devel- 
oped across R;. However, since R, is small, the Vs is essentially zero, and 
the Jp is set by the OV, characteristics of the FET. 

With the value of Jp set, select a value of R, that produces approximately a 
I- to 1.5-V drop to bias Q,. 
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The input impedance is set by R,, with the output impedance set by R 
The value of R, is approximately twice that of R,. The value of Rg is less than 
10 Q, typically on the order of 3 to 5Q. 

As a brief design example, assume that the circuit of Fig. 4-11 is to provide 
an input impedance of | MQ, an output impedance of 500 Q, and maximum 
gain. Temperature stability is not critical. 

Under these conditions, the values of R, and R, are set at 1 MQ and 5009 
but the voltage drop across Rs can be ignored. FET Q, operates at Vg, = 0, 
for practical purposes. Assume that Ip is 0.2 mA under these conditions. 
With a required drop of 1.5 V and 0.2 mA Jp, the value of R,; is approximately 
7.5 kQ. Since R, is 500 Q, R; should be | kQ. 

The key component in setting up this circuit is R,. With the circuit operat- 
ing in experimental form, adjust R, for the desired Q-point voltage at the 
output (collectors of Q, and Q,). 


4-4.2. Nonblocking Direct-Coupled Amplifier 


Generally, a direct-coupled amplifier does not require any 
coupling capacitors. One exception is a coupling capacitor at the input to 
isolate the amplifier from direct current (when the signal is composed of 
direct current and alternating current). When a coupling capacitor is used 
at the gate of a JFET (or at the base of some two-junction transistors) a 
condition known as blocking can possibly occur. 

Blocking is produced by the fact that the gate junction of a JFET is similar 
to that of a diode. That is, the diode acts to rectify the incoming signal. If a 
capacitor is connected in series with the diode (gate junction), large signals 
can charge the capacitor. On one half-cycle, the diode is forward biased and 
charges rapidly. On the opposite half-cycle, the diode is reverse biased and 
discharges slowly. If the signal and charge are large enough, the amplifier 
can be biased at or beyond cutoff, until the capacitor discharges. Thus, the 
amplifier can be blocked to incoming signals for a period of time. 

One method of eliminating the blocking problem is to use an IGFET at 
the input. Such a circuit is shown in Fig. 4-12, where an IGFET drives a two- 
junction transistor pair. Since the gate of an IGFET acts essentially as a 
capacitor (rather than a diode junction), there is no rectification of the signal 
and no blocking. 

The input impedance is set by R,,, with the output impedance set by R 
With the resistance ratios as shown by the equation of Fig. 4-12, the voltage 
gain is approximately 10 when capacitor C, is out of the circuit, and about 
1000 when C, is in the circuit. Keep in mind that feedback is reduced or re- 
moved (and gain increased) when C, is in the circuit, since capacitor C, 
functions to bypass feedback signals to ground. With C, removed, the full 
feedback is applied, and gain is minimum (stability is maximum). 
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Fig. 4-12 Nonblocking, direct-coupled amplifier 


If it is desired to operate the amplifier at some gain level between 10 and 
1000, use a resistance in series with C, (shown in phantom as R,). 


4-5. STABILIZATION PROBLEMS IN DIRECT-COUPLED 
AMPLIFIERS 


One of the main problems with any direct-coupled amplifier 
is that the circuit responds the same way to a change in power-supply voltage 
(due, for example, to temperature drift) as to a change in the dc signal level. 
Although high feedback can stabilize the gain of a capacitor-coupled amplifier 
to a point where the gain is determined almost entirely by the resistors in the 
feedback network, the level of a direct-coupled amplifier is not so easily 
stabilized. 

Temperature-drift problems can be stabilized (or the effects of temperature 
drift minimized) in several ways. If FETs are involved, one or more of the 
FET stages can be operated at the OTC point. If two-junction transistors are 
used, thermistors and/or temperature-compensating diodes can be used, as 
discussed in Chapter 1. Likewise, complementary circuits tend to be more 
stable in the presence of temperature and power-supply variations. However, 
none of these methods can compensate for a constantly changing or drifting 
power supply (from whatever cause) when the signal is also direct current. 
For that reason, several techniques have been developed to stabilize direct- 
coupled amplifiers. 


4-5.1. Chopper Stabilization 


A widely used method for circumventing the voltage-change 
problems of direct-coupled amplifiers is to convert the dc signal to an 
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equivalent ac signal (through modulation). The ac signal is amplified in a 
gain-stabilized ac amplifier and then reconverted to direct current (through 
demodulation). During amplification, the signal is represented by the differ- 
ence between the maximum and minimum excursions of the ac waveform, 
and is not affected by drift in the absolute voltage levels within the amplifier. 

One method used to convert the de signal to an ac signal is to switch the 
amplifier input alternately to both sides of a transformer, as shown in Fig. 
4-13. This periodically inverts the polarity of the signal applied to the amplifi- 
er. The switches illustrated may be mechanical, transistor, or photoconduc- 
tive. Another pair of contacts at the output establishes the ground level for a 
storage capacitor in series with the output. The output storage capacitor be- 
comes charged to a level corresponding to the amplitude of the output square- 
wave. Synchronous detection preserves the polarity of the input voltage, and 
recovers both positive and negative voltages with the correct polarity. The 
synchronous modulation and demodulation is known as chopping, or chopper 
stabilization. A direct-coupled amplifier with a chopper circuit offers drift- 
free amplification of low-level signals in the microvolt region. 

Another modulation technique uses two photoconductors—one in series 
with and one parallel to the amplifier input, as shown in Fig. 4-14. The pho- 
toconductor resistance is proportional to the illumination. By illuminating 
the photoconductors alternately (with flashing neon lights in this case), the 
amplifier input is connected to the signal and to ground. By synchronizing 
the output photoconductors with the input photoconductors as shown, the 
output storage capacitor charges to a level that corresponds to the output 
squarewave amplitude. This level is equivalent to the amplifier de signal. 

Typically, the illumination for all the photoconductors is from a bi-stable 
neon-tube relaxation oscillator. Note that when V,, is illuminated, V, is dark, 
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Fig. 4-13 Modulated amplifier technique for dc amplification 


232 Direct-Coupled and Compound Amplifiers Chap. 4 


Bistable 
neon 
relaxation 
oscillator 


light A on light B off 


Fig. 4-14 Direct-current amplification circuit with photoconductive 
modulation 


and vice versa. When IV, is illuminated and V, is dark, the signal passes and 
charges C,. On the alternate cycle, V, is dark and offers a high resistance to 
the signal. Likewise, V, is illuminated, allowing C, to discharge to ground. 
V;, V,, and C, operate in a similar manner at the amplifier output. Capacitor 
C, functions as a low-pass filter for the amplified signal. 

One problem with any type of modulated amplifier (chopper stabilized) is 
frequency response. If the input is pure direct current, there is no problem 
using modulation. However, if the input is very low frequency alternating 
current, the modulating frequency must be higher than the signal frequency. 
If not, the input signal waveform can be distorted or completely lost. For ex- 
ample, if both the input signal and modulating frequency are 100 Hz, and if 
the amplifier input is shorted at the same instant as the positive swing of the 
input signal, the amplifier will see only the negative portion of the input. As 
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a rule of thumb, the modulating frequency should be four times that of the 
highest ac input signal to be amplified. 

Another method of chopper stabilization is shown in Fig. 4-15. Here, a 
chopper-modulated amplifier is used to correct the direct-coupled amplifier 
for voltage change or drift. Note that the input signal direct current is am- 
plified through a conventional dc amplifier. A portion of the amplified out- 
put signal is tapped off from a divider network and compared with the 
original input signal. The divider network reduces the output by the same 
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Fig. 4-15 Chopper-stabilized technique for dc amplifications 


amount that is amplified in the dc amplifier. Therefore, the divider output 
should be equal to the input level at the summing point. Any difference at the 
summing point (caused by voltage change, drift, etc.) is amplified through the 
modulated amplifier, then applied to the main channel dc amplifier as nega- 
tive feedback to cancel the drift. 


4-5.2. Dual Amplification 


Techniques other than modulation can be used when it Is 
necessary to amplify both direct and alternating current (up to about 100- 
kHz). One such method is shown in Fig. 4-16, where two parallel amplifiers 
are used. One amplifier is direct-coupled for direct current and low-frequency 
alternating current. The other amplifier is a conventional ac amplifier. Ap- 
propriate networks separate the two frequency bands. 
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Fig. 4-16 Dual amplification circuit 


For example, direct current is rejected from the ac amplifier branch by 
coupling capacitors, but appears at the dc amplifier input and output as a 
charge across capacitors C, and C,. High-frequency alternating current is 
attenuated at the dc amplifier input by resistors R, and R,. Note that feedback 
is used in both branches to assure uniform gain. Such an amplifier will pro- 
vide stable gain (1 percent or better) from direct current up to about 100 kHz. 


4-6. DARLINGTON COMPOUNDS 


Figure 4-17 shows the basic Darlington circuit (known as the 
Darlington compound), together with two practical versions of the circuit. As 
shown, the Darlington compound is an emitter follower (or common col- 
lector) driving a second emitter follower. Going back to the basic amplifier 
theory of Chapters | and 2, an emitter follower provides no voltage gain, but 
can provide considerable power gain. 

The main reason for using a Darlington compound (especially in audio 
work) is to produce high current (and power) gain. For example, Darlington 
compounds are often used as audio drivers to raise the power of a signal from 
a voltage amplifier to a level suitable to drive a final power amplifier. Darling- 
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Fig. 4-17 Basic and practical Darlington compounds 
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tons are also used as a substitute for a driver section (or to eliminate the 


need for a separate driver). 


4-6.1. Darlingtons as Basic Common Collectors 
(Emitter Followers) 


When the Darlington is used as a common collector, as shown 
in Fig. 4-17, the output impedance is approximately equal to the load resis- 
tance R,. The input impedance is approximately equal to beta* x R,. The 
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current gain is approximately equal to the average beta of the two transistors, 
squared. However, in most common collectors, power gain is of primary 
concern. That is, the designer is interested in how much the signal power can 
be increased across a given output load. 

As an example, assume that the value of R, (in Fig. 4-17c) is 1 kQ and that 
the average beta is on the order of 15. This results in an input impedance of 
about 225 kQ (15? x 1000), and an output impedance of 1 kQ. Now assume 
that a 2.5 V signal is applied at the input, and an output of 2 V appears 
across R,. This input power is 2.52/225 kQ = 0.028 mW. The output power 
is 22/1 kQ = 4 mW. The power gain is 4/0.028 = 140. 


4-6.2. Darlingtons as Basic Common-Emitter Amplifiers 


Darlington compounds can be used as common-emitter am- 
plifiers to provide voltage gain. This can be accomplished by simply adding a 
collector resistor to any of the circuits in Fig. 4-17, and taking the output 
from the collector rather than the emitter. In effect, 0, then becomes a com- 
mon-collector driving Q,, which appears as a common-emitter amplifier. 
The entire circuit then appears as a common-emitter amplifier and can be 
used to replace a single transistor. Such an arrangement is often used where 
high voltage gain is desired. 

A more practical method of using a Darlington as a common-emitter am- 
plifier is to eliminate R, and R, (of Fig. 4-17c), ground the emitter of Q,, and 
transfer R, to the collector of Q,. Such an arrangement is shown in Fig. 4-18. 
The circuit of Fig. 4-18 is stabilized by the collector feedback through R,, 
which holds both collectors at a potential somewhat less than 0.5 V from the 
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Fig. 4-18 Darlington compound 
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base of Q,. Note that both collectors are at the same voltage, and that this 
voltage is approximately equal to two base-emitter voltage drops (or about 
1.5 V for two silicon transistors). 

With the circuit of Fig. 4-18, the current gain is approximately equal to 
the ratio of R,/R,. Both the input and output voltage swings are somewhat 
limited in the Fig. 4-18 circuit. The input is biased at approximately | to 
1.5 V. However, voltage gains of 100 (or more) are possible, since input im- 
pedance (or resistance) is approximately equal to the ratio of R,/current gain, 
or equal to R,. (With input and output impedances approximately equal to 
R,, the voltage gain follows the current gain.) 


4-6.3. Multistage Darlingtons 


Darlington compounds need not be limited to two transistors. 
Three (and even four) transistors can be used in the Darlington circuit. A 
classic example of this is the General Electric circuit of Fig. 4-19 (which is 
available in hybrid form, in a TO-5 style package). This circuit is essentially 
a common-collector and common-emitter Darlington, followed by a com- 
mon-emitter amplifier. 

With R, out of the circuit, both the input and output impedances are set 
by R,. (In practice, the input impedance is slightly higher than R,, typically 
on the order of 700 to 800 Q). With R, removed, the voltage gain is about 
1000. When R, is used, the input impedance Is approximately equal to R,, 
and the voltage gain is reduced accordingly. For example, if R, is 10 kQ, the 
1000 voltage gain drops to about 50. 


—-20V 


Fig. 4-19 General Electric CC-CE—CE multistage Darlington compound 
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4-7. SPECIAL DIRECT-COUPLED AMPLIFIER CIRCUITS 


In addition to the basic direct-coupled amplifier circuits de- 
scribed in previous sections, there are three special direct-coupled amplifiers 
in common use: the emitter-coupled circuit, the cascode amplifier, and the 
power complementary circuit. 


4-7.1. Emitter-Coupled Amplifier 


Figure 4-20 is the basic schematic of an emitter-coupled am- 
plifier. This circuit, or one of its many variations, is similar to that of the 
phase inverter or phase splitter described in Sec. 2-10 in that two 180° out-of- 
phase signals or outputs can be taken from one input. Unlike the single- 
stage inverter of Sec. 2-10, the emitter-coupled amplifier of Fig. 4-20 provides 
considerable gain. Therefore, an emitter-coupled amplifier can be used in a 
design when a low-voltage input must be amplified to drive a push-pull out- 
put stage. 

The emitter resistor R, is common to both Q, and Q,, which are biased at 
the Q point (typically at about one half the supply voltage) in the normal 
manner. The signal is applied to Q, and appears in amplified, but phase 
inverted, form at the collector of Q,. An in-phase signal is also developed 


(180° out of phase) 


In phase 


Fig. 4-20 Basic emitter-coupled amplifier 
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across R, and appears at the emitters of both Q, and Q, simultaneously. 
Since the base of Q, remains fixed by the bias, signal variations on the emitter 
of Q, produce an in-phase signal at the collector of Q,. If the values of R,, 
and R,, are equal, the two output collector signals will be identical in am- 
plitude but opposite in phase. Capacitor C, provides a signal path for the 
base of Q,. 

The values for components of the Fig. 4-20 circuit are found using the 
guidelines established in previous chapters. However, keep in mind that R, 
will pass twice the current normally found in a single-stage amplifier, all other 
factors being equal. This is because the emitter—base and emitter—collector 
currents of both transistors must pass through R,;. Thus, R, will normally 
be one half the value of a single-stage design for a given base-emitter voltage 
relationship. 


4-7.2. Cascode Amplifier 


The cascode amplifier is a form of direct coupling used pri- 
marily in RF circuits. The cascode circuit is quite popular in vacuum-tube 
amplifiers, but not widely used in solid-state RF equipment. The basic cir- 
cuit is shown in Fig. 4-21. 


+Voc 


RF 
out 


Fig. 4-21 Cascode RF amplifier 
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The input signal is fed to the base of Q,, which is a conventional common- 
emitter amplifier. Variations in the signal at the base of Q, appear as ampli- 
fied variations in voltage at the collector of Q,. 

The collector of Q, is coupled directly to the emitter of Q,, which operates 
as a common-base amplifier. The base is grounded as far as the signal is 
concerned through C,. A grounded or common-base amplifier does not re- 
quire neutralization. (Refer to Chapter 3.) 

One problem in solid-state cascode amplifiers is the bias network. The col- 
lector of Q, and the emitter of Q, are at the same potential. Generally, this 
potential is less than the supply voltage, but can still be well above ground. 
To function properly, the base of Q, should be within about | V of the emit- 
ter. This bias is provided by the network of R, and R3. 


4-7.3. Power Complementary Amplifier 


The basic complementary amplifier described in Sec. 4-1 can 
be used in audio power applications when a third power transistor is added. 
Such an arrangement is shown in Fig. 4-22 where a PNP—NPN pair is followed 
by a power PNP transistor. Using the values shown and assuming that Q, 
is capable of handling about 5 W, the circuit of Fig. 4-22 1s capable of deliver- 
ing about 5 W of stable power at audio frequencies. Although the voltage gain 
is low (about 10), the power gain is high (about 100,000), since there is a 
large difference between input and output impedances. 

The input impedance is approximately equal to the value of Ry. The output 
impedance is equal to the impedance of the transformer. If the loudspeaker 
has an 8-Q impedance, and 7, has a 1-to-1 ratio, the output impedance ts 8 Q. 


+12V 


8-22 
loudspeaker 


Fig. 4-22 Power complementary amplifier for audio frequencies 
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The circuit is adjusted for class A operation by the value of R,. In practice, 
the value shown (30 kQ) is used as a starting point and is adjusted for the 
desired class A operation and/or a specific Q point (collector voltage of Q;) 
under no-signal conditions. Note that 0, must be operated with a heat sink 
since the power dissipation is in excess of 5 W. 


4-8. TRANSFORMERLESS DIRECT-COUPLED AUDIO 
AMPLIFIER 


As discussed, audio amplifiers can be RC coupled and/or 
transformer coupled. Both methods have limitations. One way to get around 
these limitations is to use a transformerless audio amplifier circuit. There are 
three such basic circuits: the series-output amplifier, the quasi-complemen- 
tary amplifier, and the full-complementary amplifier 


4-8.1. Transformerless Series-Output Amplifier 


Figure 4-23 shows two typical transformerless series-output 
amplifiers used in audio systems. One configuration requires two power sup- 
plies, but omits the coupling capacitor to the load. This configuration provides 
better low-frequency response (since there is no capacitor), but can be in- 
convenient because of the two power supplies. The configuration with a 
single power supply has reduced low-frequency response since the coupling 
capacitor forms a high-pass filter with the load resistance. 

Either configuration of series-output has two drawbacks. A phase inverter 
(Sec. 2-10) is required to drive the series-output stage, even if gain is not re- 
quired. Also, an additional driver stage (or possibly an emitter-coupled am- 
plifier, Sec. 4-7.1) may be necessary to bring the power up from the output of 
a voltage amplifier to a level required by the series-output stage. 

These problems are overcome by means of a complementary circuit, either 
quasi-complementary or full complementary. 


4-8.2. Quasi-Complementary Amplifier 


Figure 4-24 is the schematic of a quasi-complementary output. 

This circuit consists of a Darlington compound using NPN transistors, and a 
direct-coupled complementary pair using an input PNP and an output VPN. 
Both base signals can be in phase (although they are often at different voltage 
levels) so that a phase inverter or emitter-coupled amplifier is not needed. 
For example, if the input is positive going, Q, is forward biased, as is Q). 
A positive-going input at Q, reverse biases Q,, since Q, is PNP. This produces 
a negative-going output from Q, to Q, (an NPN) and reverse biases Q,. 
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When the signal at the bases of Q, and Q, is negative going, the condition is 
reversed (Q, is reverse biased, Q, is forward biased). 


4-8.3. Full-Complementary Amplifier 


Figures 4-25 and 4-26 show two versions of the full-comple- 
mentary output. Either version has an advantage over the quasi-complemen- 
tary in that both halves of the circuit are identical. This makes it easier to 
match both halves (for positive and negative signals) to minimize distortion 
that could be caused by uneven amplification of the signal. 

The circuit of Fig. 4-25 uses two Darlington compounds, and Is often called 
a dual-Darlington output. The amplifier of Fig. 4-25 is used when power gain 
is needed. 

The circuit of Fig. 4-26 has two direct-coupled complementary compounds 
in the output, and is used when voltage gain is most needed. 

Phase inversion is not required for either circuit. A positive-going input 
will forward bias Q, and Q, and reverse bias 0, and Q,. A negative-going 
input will produce opposite results. 

As in the case of series-output circuits (Sec. 4-8.1), the load-coupling capa- 
citor can be omitted if two power supplies are used (one positive and one 
negative with respect to ground or common). The tradeoff between the in- 
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Fig. 4-25 Full-complementary amplifier with dual-Darlington output 
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convenience of two power supplies versus improved low-frequency response 
must be decided by circuit requirements. 

As a guideline, a 2000-uF capacitor working into a 4-Q load (such as a 
4-Q loudspeaker) produces an approximate 3-dB drop at 20 Hz (a 10-V out- 
put drops to 7 V). 


4-8.4. Examples of. Transformerless Direct-Coupled 
Audio Amplifiers 


The following examples are used to illustrate the problems in- 
volved with transformerless amplifiers. Two circuits are discussed. Both 
circuits were developed by Motorola using their complementary plastic 
transistors. 

A four-transistor circuit, capable of delivering 3 to 5 W of audio power 
with an approximate 0.25-V input signal, is shown in Fig. 4-27. A six-transis- 
tor circuit, delivering between 7 and 35 W with 0.1- to 0.45-V input signals, 
is Shown in Fig. 4-28. 

As shown, the most significant difference between the circuits of Figs. 4-27 
and 4-28 is the output configuration. The circuit of Fig. 4-27 is essentially 
the series-output amplifier (with single power supply) described in Sec. 4-8.1. 
The output configuration of the six-transistor circuit (Fig. 4-28) is a composite 
complementary pair described in Sec. 4-8.3. The complementary pairs serve 


*Starred components in parts list. 


Parts List 


*See text. 


Amplifier Output 
Idle current, nominal 25 mA 


Current drain at rated power 290 mA|370 mA 
output 

Nominal sensitivity for rated 

THD at rated maximum power 90 7% 
output, 50 Hz to 15 kHz, nominal ° : 


THD at rated power output, 
nominal 


Maximum power output at 5% 
THD, without current-limiting 
diodes 


1 19) 
Maximum power output at ee aow | BOW 
with current-limiting diodes 


Courtesy Motorola 


Fig. 4-27 Four-transistor transformerless audio amplifier 


245 


*Starred components in parts list. 


MPS6571 
2N5087 
MPSAO05 
MPSA55 
MJE371 
MJE521 


MPS6571 
2N5087 
MPSAO5 
MPSA55 
MJE371 
MJE521 


Parts List 


MPS6571 
2N5087 
MPSU05 
MPSU55 
MJE105 


MJE205 


2N5088 
2N5087 
MPSU05 
MPSU55 
MJE105 
MJE205 


20 


2N5088 
MPSA56 
MPSU05 
MPSU55 
MJE2901 
MJE2801 


Amplifier Output (W) 


25 
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power (V) 


Idle current, nominal (mA) 
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power (mA) 


output 


typical (%) 


THD at rated output power, 
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utput 


Courtesy Motorola 


Fig. 4-28 Six-transistor transformerless audio amplifier 
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as extra driver transistors to supply the higher drive current necessary for 
higher power. 

Four-transistor circuit. As shown in Fig. 4-27, the output circuit is formed 
by Q, and Q,. To ensure maximum output signal swing, the dc voltage at the 
emitters of Q, and Q, must be one half of V.,. To prevent clipping on either 
half-cycle of output signal, the dc voltage at the 0,-Q, emitters must “track” 
with any variations in Vc¢. The dc feedback arrangement meets these require- 
ments, in that the amplifier is essentially a unity-gain- voltage follower for 
direct current. 

The voltage at the base of Q, is approximately one half of Vcc and is set 
by the divider of resistors R,, R,, and R,;. The Q, emitter voltage “follows” 
the base voltage, so the dc output voltage is approximately equal to the emit- 
ter voltage. The Q, base is actually slightly greater than one half of Vcc (since 
R, is larger than R, and R,). This compensates for the small drop across re- 
sistor R, and the Vgz,o,) of Q. 

The ac gain of the Fig. 4-27 circuit is set by the ratio of R, to R;: 


Ay = Rs Re _ Ro when R, > R; 
Rs Rs 

Capacitor C, allows the bottom of R, to be at signal ground, and provides 
dc isolation for the emitter of Q,. 

Elimination of crossover distortion is desirable, especially at low listening 
levels. The collector current of Q, through D, and R,, produces a dc voltage 
that slightly forward biases the base-emitter junctions of output transistors 
Q, and Q,. With the output transistors forward biased, the amplifier operates 
in class A for small output signals and class B for large output swings. Keep 
in mind that Q, and Q, are complementary (PNP and NPN). Thus, one 
transistor is conducting with the other transistor cut off (or near cutoff) on 
each half-cycle. 

Objectionable power-supply hum is filtered from the input circuit by resis- 
tor R, and capacitor C,. Capacitor C; protects the Vc, line against oscilla- 
tions that could occur when high current transients are present. 

High-frequency oscillations may occur with varying source and load im- 
pedances. Capacitor C, provides a high-frequency rolloff at approximately 
30 kHz to prevent such oscillations. 

Six-transistor circuit. As shown in Fig. 4-28, transistors Q, and Q, form 
the composite NPN transistor, and Q, and Q, form the composite PNP tran- 
sistor. Driver transistors Q, and Q, operate as emitter follower to establish 
the output voltage; at the same time they are common-emitter amplifiers 
supplying drive current to output transistors OQ, and Q,. 

Both ac and dc feedback is applied to the composite pairs by resistors R, 
and R,. To prevent thermal runaway, which can occur with an increase in 
collector-base leakage current due to high temperature, resistors R,;, and R,, 
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are placed between the base and emitter of the output transistors. The resis- 
tance of R,, and R,, is sufficiently low to prevent forward biasing of the 
output transistors by temperature-induced leakage currents. 

High-frequency oscillations are suppressed by capacitor C,. The network 
composed of resistor R,, and capacitor C, prevents oscillations that arise due 
to the increased impedance of the loudspeaker at high frequencies. The func- 
tions of the remaining circuits in Fig. 4-28 are identical to those of the Fig. 
4-27 circuit. 

Keeping direct current out of the loudspeaker. The circuits of Figs. 4-27 and 
4-28 use the output capacitor as a bootstrap to provide driving current to 
the PNP side on the negative half-cycle. This method requires the collector 
current of the predriver transistor Q, to flow through the loudspeaker. Some 
designers consider direct current in the loudspeaker as objectionable. One 
objection is that there can be a loud “pop” in the loudspeaker when power 
is first applied. Another objection is that a fixed direct current in the loud- 
speaker can change the acoustic characteristics, resulting in poor reproduc- 
tion of sound. Some designers consider that a constant direct current tends 
to burn out the loudspeaker windings. 

If the bootstrapping method of Figs. 4-27 and 4-28 is considered as objec- 
tionable, for whatever reason, the circuit can be modified as shown in Fig. 


Fig.4-29 Bootstrapping A, with 
a separate capacitor to keep 
; direct current from the loud- 


Courtesy Motorola speaker 
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4-29. The capacitor Cg in conjunction with the top resistor labeled 4 R, sup- 
plies the required drive current needed to ensure a full negative signal swing. 

Overload protection. The amplifiers of Figs. 4-27 and 4-28 are not generally 
intended for use in sealed systems, so provision for overload protection is 
desirable. One method is to add two diodes D, and D, to the output circuit, 
as shown in Fig. 4-30. This method uses the forward voltage drop of diodes 


og: Short- . 
Amplifier ieee Diodes 
Version (w)|_, Circuit D2 and D3 | FB (2) RQ (Q) 
Current (A) 


Fig. 4-30 Connection of diodes D, and D; for overload protection. 
The diodes and circuit values are shown in the table 
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D,, D,, and D; to provide a clamp at the base of the output transistors (Fig. 
4-27) or the drivers (Fig. 4-28), which limits the maximum current in the out- 
put transistors. 

Figure 4-3la shows the equivalent circuit of the clamp on the positive 
half-cycle, and Fig. 4-31b shows the action on the negative half-cycle. The 
chart in Fig. 4-30 shows the dc level at which the various. amplifiers limit 
under short-circuit conditions, along with parts values and diode types used 
in the overload protection circuitry. The 20- and 35-W versions use a 0.39-Q 
resistor for Ry, rather than the 0.47 Q, to prevent clipping, which can occur 
on the negative half-cycle with the larger resistor. 

The overload network protects the amplifier against accidental short cir- 
cuits in the output terminals, and against an overload due to connecting extra 
loudspeakers. The problem of overloads in audio amplifiers is discussed 
further in Sec. 4-9. 

Specifying transistors. One of the most important aspects of amplifier design 
is determining which transistor parameters are of greatest importance in each 
function, and then specifying these parameters to best take advantage of the 
inherent characteristics of the device, while still maintaining the desired cir- 
cuit performance. 

One of the most important “parameters” to the audio designer is cost, and 
since testing is one of the costliest steps in manufacturing any semiconductor, 


(a) ‘‘Zener’’ Action of (b) “Zener” Action of 
Diodes D, and D, Diodes D, and D, 
to Limit Output Current to Limit Output Current 
on Positive Half-Cycle on Negative Half-Cycle 


Courtesy Motorola 


Fig. 4-31 Use of diodes for overload protection 
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both vendor and user should eliminate as many unnecessary tests as possible. 
Although this may not apply to all laboratory applications, it certainly does 
apply to manufacturing. For example, in production-line manufacturing it is 
ridiculous to test noise figure in a power output transistor or safe area in a 
preamplifier device. 

Let us examine several sections in an amplifier circuit to illustrate one 
method of approaching the problem. The basic circuit of Fig. 4-28 with 
a 25-W 8-Q power rating is referred to in the following discussion. 

In a power amplifier the logical place to begin design is the output terminal. 
For 25 W rms to 8Q, the peak-to-peak output voltage, or signal voltage 
swing, is given by 


V pp = ZA) (R)(2)(Pims) 
= 2,/(8)(2)(25) 


= 40V 


where V,, is the peak-to-peak output voltage, and P,,, is the rms output 
power. 
The power supply voltage must be 


Vee = Vopp + 2Ip,.Re = Ver(Qs) =F Voer(Qs) 


I,, is found from the equation 


1, — Wl2er _ (12140) _ 95 
R, 8 

Figure 4-28 shows R; (R, or R,) to be 0.47 Q, and the recommended power 
transistors are the MJE2801 and MJE2901. The datasheets for these devices 
lists a minimum h,,, of 25 at 3 A, and V,, of 2 V for the output units. These 
numbers do not change significantly at 2.5 A, so the Vo, of Q; and Q, can 
be taken as 2 V. Note that the Ve,,,44, measurement found on many data- 
sheets is meaningless in this application because the output transistors are 
operated as large-signal class B emitter followers, and do not saturate. 

Using these figures to find Veo, 


Veo = 40 + 2(2.5)(0.47) +2+2%46V 


Adding 10 per cent for a high line voltage, the maximum V¢, is 50 V. Ex- 
amination of the important parameters indicates that the following are mini- 
mum Specifications for the output transistors: 


BV ero = 50 V min at 200 mA 
Ape, = 30 min at 2.5 A and V., of 2 V 
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V peony = 1.2 V max at3 A and Vo, of 2V 
Iczo = 0.1 mA max at 25°C and V., of 50 V 
Icero = 2mA max at 150°C and Ve, of 50 V 


The MJE2801 and MJE2901 meet these requirements satisfactorily. 

The collector current of the driver transistors is the base current of the 
output units. The peak output current is 2.5 A, and /,, of the output units is 
30, minimum. The maximum collector current of each driver (Q; or Q,) is 
then 


—_ Toad (Pk) = 2.0 = 
Tmax hype min(Q, or Qs) 30 aoa 


The recommended drivers for the 25-W amplifiers are the MPS-UOS5 (NPN) 
and MPS-U55 (PNP). The datasheet has a minimum h,, specification of 50 
at collector currents of 10 mA and 100 mA, and BV ¢z¢ is 50 V. 

The designer may wish to increase or decrease certain specifications. For 
example, it may be desirable to use a transistor with a 55-V BVo,o, or perhaps 
a minimum h,, of 30 or 40 for the driver and 20 for the outputs. In doing 
this, the overall effects must be considered. For instance, if the h;, specifica- 
tions on the output and driver units are relaxed, the designer must ensure 
sufficient collector current in the predriver (Q,) to provide full drive to the 
output stages. The predriver will then be operated at a higher collector cur- 
rent, which would increase the base current, making additional compensation 
in the preamplifier (Q,) necessary. Such compensation can take the form of a 
higher Ay, preamplifier, or a decrease in the impedance of the base biasing 
resistors of the preamplifier. Another obvious solution is to specify a higher 
hy, for the predriver, thus making a change in the preamplifier unnecessary. 

Intelligent use of device specifications enables the designer to safely make 
numerous changes in the circuits of Fig. 4-27 and 4-28. For example, input 
impedances can be lowered or raised, power levels can be changed, or the 
circuits can be used to drive different load impedances. It is only necessary to 
decide exactly what the circuit requires; then the exact device can be speci- 
fied. For example, if the circuit is to operate into a 16-Q loudspeaker, the 
value of Ipx is changed from 2.5 to 1.25 A, reducing the Ve, to about 43 V. 
In turn, this reduces the required BVc,o for the output transistors and re- 
duces the maximum collector current J,,,, of the driver transistors. 

Power supplies. When the amplifier circuits are used in consumer applica- 
tions, the associated power supply does not need to be complex. The circuit 
of Fig. 4-32 is a typical example. Capacitor C, is usually 1000 to 4000 yF. 
Resistor R, and capacitor C, are selected to provide voltage V,, which may 
be necessary for operation of other circuitry, such as preamplifiers, AM or 
FM tuners, multiplex decoders, and so on. 
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Fig. 4-32 Typical power supply for transformerless amplifiers 


Voltage V, is the Vcc for the power amplifier. The regulation of the power 
supply determines its ability to maintain V, at its nominal design level. Reg- 
ulation is defined as the ratio of the drop in voltage with load to full-load 
voltage: 


Vu — Vo 
= x 100 


0 


“% regulation = 


where Vy, is no-load voltage and V, is full-load voltage. 

For a more comprehensive discussion of solid-state power supplies, see 
the author’s Handbook of Simplified Solid-State Circuit Design (Prentice- 
Hall, Inc., Englewood Cliffs, N.J., 1971). 

Heat sinks. The output transistors of all circuits shown in Figs. 4-27 and 
4-28 require heat sinks. In addition, the driver transistors of the 15- to 35-W 
versions should be provided with heat sinks. These heat sinks should allow 
the dissipation capability of the drivers to be increased to about 10 per cent 
of the rated output power of the amplifier, which protects the devices under 
short-circuit conditions. 


4-9. SHORT-CIRCUIT PROTECTION AND SECONDARY 
BREAKDOWN 


One problem with any of the output circuits described in Sec. 
4-8 is that one (or more) of the collectors will operate without a load resis- 
tance. In effect, the output load (usually the loudspeaker) forms the load for 
the collector. Although the working load does present a load similar to that 
of a collector resistor, there is one major difference. The working load in any 
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of the output circuits is not in series with the collector, as is the load resistor 
in a basic class A amplifier. 

In the basic RC-coupled class A amplifiers, the collector load resistor 
reduces the collector voltage when heavy current is flowing, and raises the 
voltage only when a light current is present. If there should be a short in 
the output, heavy current may flow, but the collector voltage will drop. 

In the various direct-coupled series- and complementary-output circuits 
(as well as transformer-coupled circuits), a short circuit of the load will pro- 
duce heavy current without reducing the collector voltage. This can result in 
the destruction of the transistors. Thus, some short-circuit protection should 
be considered for any output configuration involving circuits without col- 
lector resistors. 

The destructive condition is usually known as secondary breakdown or 
second breakdown, and results from a sudden channeling of collector current 
into a localized area of the transistor. Secondary breakdown is usually pre- 
vented by limiting the collector current-voltage product. 

Another overload problem is presented when the load is a loudspeaker. 
High-fidelity loudspeaker systems can appear capacitive or inductive, as well 
as resistive. The current and voltage appearing in the amplifier will thus be 
out of phase when the load appears reactive. A 60° phase shift is not uncom- 
mon. At a 60° phase shift, Half the source voltage and a// the load current 
can appear simulaneously at the output transistor, or the full source voltage 
and one half the load current can appear, depending upon whether the load 
is capacitive or inductive. 

This condition of a large, simultaneous voltage—-current combination can 
result in secondary breakdown, just as if it were caused by a short circuit in 
the load. 

As a matter of reference, the minimuin peak-power level to which the short- 
circuit dissipation can be limited is the product of peak current and voltage 
appearing at the output transistor under the worst-case allowable phase shift. 
Assuming a 60° phase shift, the short-circuit power dissipation is set by 


P Veco X Lear 
PD (short circuit) 2 


where Ppp is the peak dissipation for each output transistor (also the total 
average power dissipation for the amplifier). 
The average power dissipation of each transistor is 


(1/2)Vecc X Tpeak 
I Apistiort circuit) ~~ as: 
The worst-case average power dissipation in driver transistors (such as Q, 
and Q, of Fig. 4-28) is the power dissipation expressed as P4, divided by the 
current gain of the output transistor. 
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With a typical short-circuit protection network, the safe operating re- 
quirements (based on an overload of 1-s minimum) for the output transistors 
occurs at V-< and is the same as the peak dissipation expressed as Ppp. 

The maximum thermal resistance (or the minimum power dissipation rat- 
ing) required for each output transistor is found by 


@ es T yimax) rw T 4 = Oe4 x Pap 
JC(max) —_ a te eae te ee 
AD 


where 7y,max) 1S the maximum junction temperature rating of the transistor, 
T, is the maximum ambient temperature, and @,, is the thermal resistance of 
the heat sink including any insulating washer. 

The minimum power dissipation rating of the transistor is found by 


T 

a J{(max) 

|) eel, aes 
JC(max) 


Refer to Sec. 2-3.1.3 of for a further discussion of thermal resistance, heat 
sinks, and temperature design problems. 


4-9.1. Overload-Protection Circuit 


A good heat sink will protect a transistor from most temporary 
overloads, and some prolonged overloads, due to short circuits, simultane- 
ous high voltage and current, and so on. However, if there is a possible danger 
of prolonged overload (typically longer than a few seconds), a well- 
designed amplifier should include some form of overload-protection circuit. 

Figure 4-33 illustrates such a circuit. Before going into the short-circuit 
protection portion of the circuit, let us discuss overall operation of the ampli- 
fier. 

Transistors Q,, 03, Qs, and Q, through Q,,, along with their associated 
components, comprise the standard full-complementary circuit. Transistors 
QO, and Q, are uSed in a differential amplifier configuration, which, when used 
with the dual power supply, provide a convenient means for setting the dc 
voltage level to be direct coupled to the loadspeaker. (Differential amplifiers 
are discussed in Chapter 5.) 

Resistor R; provides 100 per cent de feedback from the output line to the 
input (at the base of Q,), resulting in excellent de stability. (This is a form of 
overall feedback or loop feedback since it involves more than one stage.) The 
resistance ratio of R,; to R, determines the closed-loop ac voltage gain of the 
amplifier. (The term closed-loop gain refers to the gain with feedback. Open- 
loop gain is gain without feedback.) 

Transistor Q, functions as a high-gain common-emitter driver. Since the 
output transistors (Q,, O,, O,, O,,) function as emitter followers (no voltage 
gain), O, must be capable of handling the full-load voltage swing. 
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All resistors with valves shown are 10%, except where * indicates 5%. 
L,= #20 wire close-wound for the full length of Rig 
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Fig. 4-33 Full-complementary amplifier with short-circuit overload- 
protection circuit 
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Transistor QO, serves as a constant-current source for the dc bias current, 
which flows through Q, and the bias diode D,. (Q, eliminates the need for the 
large bootstrap capacitor found in some complementary audio-amplifier 
designs.) 

Transistors Q, and Q, form a compound pair, which functions as an emit- 
ter follower with high current gain and unity voltage gain, for the positive 
portion of the output signal. Transistors Q, and Q,, function similarly for 
the negative porrion of the output signal. 

Zener diode D, is used to set the de voltage through the differential ampli- 
fier and provide ac hum rejection from the negative power supply. 

Transistors 03, O;, Q:;, Q,2, and semiconductors D, and Dy, along with 
their associated resistors, comprise the short-circuit protection network. 

Resistors Rg, R,o, R,,;,and R,, form a voltage-summing network. The volt- 
age appearing at the base of transistor Q,, is determined by the collector 
current of QO, flowing through R,, and the voltage appears from the source 
(+V cc) to the output. This summing network, since it detects both the volt- 
age and current of Qg, effectively senses the peak-power dissipation occurring 
in Qs. 

At a predetermined power level in Q,, the summing network can be chosen 
so that transistor Q,, conducts sufficiently to turn on transistor Q;. Transis- 
tor O, then steals the drive current from the base of Q,, and thus limits power 
dissipated in Q,. Diode D, is used to prevent Q,, from turning on, under 
normal load conditions, when the output signal swings negative. Resistors 
R,, R:3, R,4, and R,,, along with transistors Q,,, Q; and diode D,, similarly 
limit the power dissipation occuring in the output transistor Qo. 


4-10. DIRECT-COUPLED INTEGRATED-CIRCUIT AMPLIFIERS 


Most ICs (integrated circuits) use some form of direct coupling. 
It is difficult to fabricate a capacitor on an IC chip, and it is next to impos- 
sible to form a coil or transformer within any IC. These problems are elim- 
inated in ICs by direct coupling between stages. 

Direct-coupled IC amplifiers operate at all frequency ranges, from direct 
current to radio frequency. Of course, coils, capacitors, and transformers are 
external components connected to the IC. The transistors and resistors as- 
sociated with the amplifier circuit are part of the IC. 

The following paragraphs include descriptions of commercial IC ampli- 
fiers using some form of direct coupling. Additional IC amplifiers (those 
using the differential-amplifier principle) are discussed in Chapter 5. It should 
be noted that the majority of IC amplifiers use the differential-amplifier sys- 
tem. 
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4-10.1. Motorola MC1550 Amplifier 


Figure 4-34 shows the full schematic and simplified schematic 
of the amplifier. As shown, the input is applied to the base of Q,, and the 
output is taken from the collector of Q;. The combination of Q, and Q, acts 
as a common-emitter common-base pair (Q; is common emitter, Q, is com- 
mon base). This combination reduces internal feedback. Automatic gain 
control is introduced at Q,, with a reference voltage Vz at Q,;. The amount 
of AGC is determined by the difference between Vygc and Vz. When V ygc is 
at least 114 mV greater than Vz, Q, is turned off and ac gain is at a minimum. 
If Vcc is less than Vz by 114 mV or more, Q, is turned on and ac gain is 
maximum. Changing the AGC voltage has little effect on Q, operating point, 
and the input impedance of Q, remains constant. 

Voltage V, and resistance Rx establish the current in diode D,, which is on 
the same IC chip as Q,. The emitter current of Q,; remains within 5 per cent 
of the diode current. This biasing technique takes advantage of the matching 
characteristics that are available with ICs. Resistors R, and R, bias the diode 
and D, also establish a base voltage for transistor Q;. Resistors R,; and R, 
serve to widen the AGC voltage from 114 mV to about 0.86 V. This is neces- 
sary In some applications so that the AGC line will be less susceptible to ex- 
ternal noise. 

Figure 4-35 shows the MC1550 used as a tuned, narrowband amplifier. 
Note that with an AGC of 0 V and a 30-dB power gain, the bandwidth is 
about 0.5 MHz, centered on 60 MHz. 

Figure 4-36 shows the MC1550 used as a tuned wideband amplifier. Both 
the external circuit values and the performance characteristics are given. 
Note that with an AGC of 0 V and a 30-dB power gain, the bandwidth is 
about 15 MHz, centered on 45 MHz. 

Figure 4-37 shows the MC1550 used as a video amplifier. Note that the 
voltage gain remains essentially flat to about 3 MHz, and remains above the 
3-dB down point to about 20 MHz. 

As shown in Figs. 4-35 through 4-37, the characteristics of the basic IC 
can be altered considerably by external components and connections. Of 
course, the IC is not limited to the applications shown. These configurations 
are presented to show what is available in typical IC amplifiers. 


4-10.2. RCA CA3023 Amplifier 


Figure 4-38 shows the schematic of the RCA CA3023 ampli- 
fier. Gain is obtained by use of transistors Q,, Q3, Q4, and Q,, which are 
amplifiers having a voltage gain of about 60 dB. The common-collector config- 
uration provides the necessary impedance transformation (high-impedance 
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Fig. 4-36 Wideband tuned amplifier 
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Fig. 4-37 Video amplifier 
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Fig. 4-38 RCA CA3023 amplifier 


input and low-impedance output) for wide bandwidth. The output transistor 
Q, provides the low output impedance. The circuit must be capacitively 
coupled, and should have a low-impedance source for best operation. 
Figure 4-39 shows typical connections for wideband and bandpass appli- 
cations, with and without AGC, and for limiter applications. 
An external feedback resistor R,, or a tuned circuit, can be added between 
terminals 3 and 7 for desired bandwidth and gain performance. Linear operat- 
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Fig. 4-39 Wideband and limiter amplifiers 
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ing Conditions are maintained by the bias applied between the collector and 
base of Q,, supplied from the resistor-diode network R,, R,, R;, and D,. 
Because the collector of Q, is held at a fixed potential that is relatively in- 
dependent of supply, IC characteristics, and temperature, de coupling to the 
remainder of the circuit can be used. 

For applications in which gain control is desired, terminals 10 and 12 are 
left floating and AGC is applied to terminal 2. For maximum gain, terminal 
2 is operated at a positive voltage not larger than the supply voltage applied 
to terminal 5. In the positive voltage condition, transistors Q, and Q, are 
saturated and the impedance in the emitters of O, and QO, is low. When the 
gain-control voltage becomes negative, 0, and Q, come out of saturation 
and provide high emitter feedback to reduce the gain. 

In limiting applications, diodes D, and D, are connected in the feedback 
loops. The diodes provide clamping for sufficient input-signal swing. Limiting 
can be achieved with input signal swings up to 2.5 V. 

Figure 4-40 shows two CA3023 amplifiers used as a 28-MHz limiter am- 
plifier. Terminals 3 and 7 are connected to terminals 4 and 6, respectively. 
Terminal 8 is connected to terminal 9 to provide limiting action. A self- 
resonant coil in parallel with a 2-kQ resistor is inserted in the feedback loop 
of each amplifier to provide gain and stability. The bandwidth of the system, 
before limiting, is 3.8 MHz, and the effective O is 7.35. The total gain is 61 dB 
(30.5 dB per stage), and the power dissipation is 66 mW. Full limiting occurs 
at an input of about 300 pV. 


4-10.3. RCA CA3018 Transistor Array 


An [C transistor array provides several transistors on a single 
semiconductor chip. Transistor arrays are particularly suitable for amplifier 
applications in which closely matched device characteristics are required, or 
in which a number of active devices must be interconnected with external 
parts not practical to fabricate in IC form (tuned circuits, large-value resis- 
tors, variation resistors, large-value capacitors, etc.). 

Figure 4-41 shows the schematic of the CA3018. The IC provides four 
silicon transistors on a single chip. The four active devices include two 1so- 
lated transistors plus two transistors with an emitter-base common con- 
nection. Because it is necessary to provide a terminal for connection to the 
substrate, the two transistor terminals must be connected to a common lead. 
The particular configuration is useful in emitter-follower and Darlington 
circuit connections. Also, the four transistors can be used almost indepen- 
dently if terminal 2 is grounded, or ac grounded. so that Q; can be used as a 
common-emitter amplifier and Q, as a common-base amplifier. 

In pulse video amplifiers and line drivers, Q, can be used as a forward- 
biased diode in series with the emitter of Q,. Likewise, transistor Q, can be 
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used as a diode collected to the base of Q,, or, in a reverse-biased connection, 
Q, can serve as a protective diode in RF circuits connected to operational 
antennas. The presence of Q, does not inhibit the use of Q, in a large number 
of circuits. 

In transistors 0,, O,, and Q,, the emitter load is interposed between the 
base and collector leads to minimize package and lead capacitances. In Q, 
the substrate lead serves as the shield between base and collector. This lead 
arrangement reduces feedback capacitance in common-emitter amplifiers, 
and thus extends video bandwidth and increases tuned-circuit amplifier gain 
stability. 

Figure 4-42 shows a broadband video amplifier design using the four- 
transistor array. This amplifier can be considered as two direct-coupled stages, 
each consisting of a common-emitter, common-collector configuration. The 
common-collector transistor provides a low-impedance source to the input 
of the common-emitter transistor, and a high-impedance low-capacitance 
load at the common-emitter output. 


Fig. 4-43 RCA CA3036 Darlington array used as stereo preamp 
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Two feedback loops provide de stability of the broadband video amplifier 
and exchange gain for bandwidth. The feedback loop from the emitter of Q, 
to the base of Q, provides de and low-frequency feedback. The loop from the 
collector of Q, to the collector of Q, provides both de feedback and ac feed- 
back at all frequencies. 


4-10.4. RCA CA3036 Dual Darlington Array 


As in the case of transistor arrays, IC Darlington arrays provide 
several Darlington pairs on a single chip. Figure 4-43 shows both the sche- 
matic and typical application for the CA3036. The IC can be used to provide 
two independent low-noise wideband amplifier channels, and is particularly 
useful for preamplifier and low-level amplifications in single-channel or stereo 
systems. 

As shown in Fig. 4-43, the array consists of four transistors connected to 
form two independent Darlington pairs. The block diagram illustrates the 
use of the array in a typical stereo phonograph. The IC can be mounted 
directly on a stereo cartridge. Because of the low noise, high input impedance, 
and low output impedance of the array, only minimum shielding is required 
from the pickup to the amplifier. The buffering action of the IC also sub- 
stantially reduces losses and decreases hum pickup. 


5. DIFFERENTIAL AMPLIFIERS 


The differential amplifier is similar to the emitter-coupled am- 
plifier (Fig. 4-20), except that the two output signals are the result of a signal 
difference between the two inputs. In a theoretical differential amplifier, no 
output is produced when the signals at the inputs are identical. That is, 
an output is produced only when there is a difference in signals at the input. 

One of the main uses for differential amplifiers is as the input stage for an 
operational amplifier, as is described in Chapter 6. Another use for a differen- 
tial amplifier in laboratory work is that of an amplifier for meters, oscillo- 
scopes, recorders, and the like. Such instruments are operated in areas where 
many signals may be radiated (power-line radiation, stray signals from gener- 
ators, etc.). Test leads connected to the input terminals will pick up these 
radiated signals, even when the leads are shielded. If a single-ended input is 
used, the undesired signals will be picked up and amplified along with the 
desired signal input. If the amplifier has a differential input, both leads will 
pick up the same radiated signal at the same time. Since there is no difference 
between the radiated signals at the two inputs, there is no amplification of 
the undesired inputs. 

Signals common to both inputs (such as radiated signals) are known as 
common-mode signals. The ability of a differential amplifier to prevent con- 
version of a common-mode signal into a difference signal (which produces 
an output) is expressed by its common-mode rejection ratio (CMR or CMRR). 


5-1. BASIC DIFFERENTIAL-AMPLIFIER THEORY 


Figure 5-1 is the schematic of a basic differential amplifier. The 
circuit responds differently to common-mode signals than it does to single- 
ended signals. 
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Fig. 5-1 Basic differential-amplifier circuits 


A common-mode signal (like power-line pickup) drives both bases in 
phase with equal-amplitude ac voltages, and the circuit behaves as though 
the transistors are in parallel to cancel the output. In effect, one transistor 
cancels the other. 

Normal signals are applied to either of the bases (Q, or Q,). The inverting 
input is applied to the base of transistor Q,, and the noninverting input is 
applied to the base of Q,. With a signal applied only to the inverting input 
and the noninverting input grounded, the output is an amplified and inverted 
version of the input. For example, if the input is a positive pulse, the output 
is a negative pulse. If the noninverting input is used with the inverting input 
grounded, the output is an amplified version of the input (without inversion). 
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The emitter resistor introduces emitter feedback to both transistors simul- 
taneously. This reduces the common-mode signal gain without reducing the 
differential signal gain in the same proportion. 

Figure 5-2 is the schematic of a more practical differential amplifier. The 
amplifier of Fig. 5-2 is packaged as an integrated circuit (the RCA CA3000). 
The circuit is basically a single-stage differential amplifier (QO, and Q,) with 
input emitter followers (QO, and Q,) and constant-current source Q, in the 
emitter-coupled leg. Note that the single emitter resistor of the Fig. 5-1 circuit 
is replaced by Q, and its associated components in the circuit of Fig. 5-2. 

The use of a transistor such as Q, is typical for many differential ampli- 
fiers, particularly those found in operational amplifiers (as the first stage). 
The circuit of transistor Q, is known as a temperature-compensated constant- 
current source. All current for the differential amplifier is fed through Q, 


Q 
: constant-current source 


1) | Temperature — compensated 


AGC Veg 


Fig. 5-2 RCA CA3000 amplifier 
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(an NPN) connected between the emitters of the differential amplifier and 
V ex (the negative power supply). If there is an increase in current, a larger 
voltage is developed across the current-source Q, emitter resistor. This larger 
voltage acts to reverse bias the base emitter, thus reducing current through 
Q,. Since all current for the differential amplifier is passed through Q,, cur- 
rent to the amplifier is also reduced. If there is a decrease in current, the 
opposite occurs, and the amplifier current increases. Thus, the differential 
amplifier is maintained at a constant current level. 

Transistor Q; is also temperature compensated by the diodes connected in 
the base-emitter bias network. These diodes have the same (approximate) 
temperature characteristics as the base-emitter junction, and offset any change 
in Q, base-emitter current flow that results from temperature change. 

The circuit of Fig. 5-2 has an input impedance of approximately 100 kQ 
(for each input), and a gain of approximately 30 dB at frequencies up to 
about 1 MHz. The useful frequency response can be increased by means of 
external resistors and coils. The use of degenerative feedback resistors R, and 
R, in the emitter-coupled pair of transistors increases the linearity of the cir- 
cuit. The low-frequency output impedance between each output (terminals 
8 and 10) and ground is essentially the value of the collector resistors R, and 
R, in the differential stage. 


5-2. FET VERSUS TWO-JUNCTION TRANSISTORS 


Figure 5-3 shows the basic circuits involved for both two- 
junction and FET differential amplifiers. With either circuit, floating signals 
not referenced to ground can be amplified and, since large values of common- 
mode rejection can be achieved, small differential signals can be discriminated 
from large common-mode signals upon which the differential signals may 
be riding. 

Also, because of the matching and temperature tracking that can be 
achieved between the two transistors in the differential amplifier (particularly 
in ICs and in transistors on the same chip), the circuit can have very good dc 
stability over a very wide temperature range. 

In certain applications, the FET has advantages over the two-junction 
transistor. The main advantage of the FET is the high input impedance. As a 
comparison, whereas differential-amplifier input impedances of 100 kQ to 
1 MQ can be obtained with two-junction transistors, values ranging up- 
wards of 10° are easily within reach of FET amplifiers. 


5-2.1. Matching Requirements 


In designing a differential amplifier, either two junction or FET, 
some degree of matching is required between certain characteristics of the 


274 Differential Amplifiers Chap. 5 


—Voe 


(a) Two-Junction Transistor (b) Field-Effect Transistor 


Courtesy Motorola 


Fig. 5-3 Comparison of FET and two-junction differential-amplifier 
circuits 


two transistors. In two-junction amplifiers, the dc current gain (/,,) and 
the base-emitter voltage (V,,-) of the two transistors should be matched. The 
collector—base leakage currents (J¢g9) should also be nearly equal, although 
this parameter is generally not too critical, especially in silicon transistors 
where Jogo IS very small. 

The FET requires a match of the transconductance (y,,) and the gate— 
source voltage (V,;) of the two devices. In addition, if the impedance of the 
driving source is high (1 MQ or higher), Jgss5, the gate-source leakage current, 
should be matched. 


5-2.2. Temperature Coefficients 


The base-emitter voltage of a two-junction transistor has a - 
negative temperature coefficient, the magnitude of which is some function of 
the emitter current (typically around 2 to 2.5 mV/°C in most applications). 
If two matched chips are selected from the same silicon wafer, the two base- 
emitter junctions will track over a fairly wide current range. 
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The situation is quite different for FET devices. Figure 5-4 shows a typical 
plot of J (drain current) versus Vs for a FET at three different temperatures. 
For low values of Ip, Vgs has a positive temperature coefficient (JC), and the 
higher values of J, yield a negative TC. At point 0, the temperature coeffi- 
cient is zero. Thus, by selecting the proper drain current, a single FET can 
be made to have zero temperature coefficient (OTC). Refer to Sec. 1-11.4. 


Ip (mA) > (+) 


Fig. 5-4 Drain current versus 
gate-source voltage Ves (V) > (-) 


Unfortunately, all the temperature curves of a single FET do not always 
intersect at one point. The problem becomes more pronounced when two 
FETs are involved. In practical terms, perfect compensation is not possible, 
although changes in Vgs of a few millivolts can be achieved. If two well- 
matched FETs are used in a differential-amplifier configuration, as shown 
in Fig. 5-3b, these minor changes can be balanced out quite effectively. 


5-2.3. Finding the Zero Drift Point for 
Differential-Amplifier FETs 


Theoretically, if the Vg; versus I, characteristics of the two 
devices in a FET differential amplifier are well matched, the differential 
amplifier can be operated at any current level (within the limits of the Vgs—Jp 
curve) with little or no drift. Unfortunately, the degree of matching required 
is generally not practical from an economical point of view. 

In order to minimize drift in a FET differential amplifier, it becomes very 
desirable to operate the FETs at or near their zero drift point. Matching can 
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be fairly easily obtained at this one point, and because the FETs are operat- 
ing with essentially OTC, the effects of any mismatch are greatly minimized. 
At the zero drift point, Vg; and Jp are given by 


Voescz) = Vp ad 0.63 (5-1) 


2 
Iniz) = Loss (59°) (5-2) 
P 
where V, is the pinch-off voltage, and [pss is the drain current at zero gate— 
source voltage (Vgs = 0). The pinch-off voltage is defined as that point where 
a further increase in Vp, causes little change in J. (See Fig. 5-5, and refer to 
Chapter 1.) 


§-2.4. Varying Ics to Achieve Minimum Drift 


Equations (5-1) and (5-2) are based on some approximations, 
and as such are subject to some degree of error. The underlying assumption 
is that the voltage drops across the input resistances R, due to Igss either 
completely cancel or are so small as to be negligible. Usually, the latter is the 
case. However, even when the possible errors are considered, the equations 
are useful in arriving at values of Vg; and J, that are reasonably close to the 
zero drift point. 

In practical design, additional testing (over temperature) then becomes 
necessary to establish the minimum drift point. By varying the current Ics 


Ip (mA) > (+) 


Fig. 5-5 Drain current versus 
Vos (V) > (-) drain—source voltage 
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Fig. 5-6 Two-junction transistor current source for FET differential 
amplifier 


(the sum of the two drain currents), value of drift on the order of a few hun- 
dred microvolts per degree Celsius (referred to input) can be obtained. 

In general, the technique of varying J.; for drift compensation is not satis- 
factory. The compensation is usually not as good as is desired. More import- 
ant, the resistor Res of Fig. 5-3b is replaced by a current source for most 
applications. (Refer to Sec. 5-1.) A typical circuit is shown in Fig. 5-6. The 
zener diode voltage is chosen such that it compensates for variations in the 
transistor base-emitter junction over temperature. As discussed in Sec. 5-1, 
the current source provides higher common-mode rejection and greatly re- 
duces the effects of power-supply variations on drift. It is very difficult to 
adjust the value of J., if a current source is used. A better way of compensa- 
tion is available. 


5§-2.5. Drift and Offset Compensation Circuit 


Figure 5-7 shows an expanded view of the region around the 
OTC point of the typical FET differential amplifier. For clarity, only two tem- 
peratures are shown, and the differences between the two devices have been 
greatly exaggerated. The O7C points are at A and B. Assuming negligible 
drop across the input resistances R,, and R,,, the gate-to-source voltage of 
the two FETs is equal. 
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Fig. 5-7 Temperature compensation in FET differential amplifier 


At temperature T,, the value of Vgs(Vgs;) is established by the circuit such 
that the sum of the two drain currents /,, and /,, is equal to /¢s. At tempera- 
ture 7,, Vgs shifts to a new value (Vgs,) so that, again, Jp, plus Ip, equals J¢s. 
This change in J, results in a drift at the differential-amplifier output, since 
Ij, has decreased and J,, has increased. 
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The condition for zero drift at the differential amplifier output is 


Aly, R, = Alp. R, (5-3) 
since 
Ip: + Ip. = Ics (5-4) 
and 
Alcs = 0 (constant current) (5-5) 
Then, for zero drift 
Aly, = Aly, = 0 (5-6) 


In order to compensate the circuit for drift, operating points must be found 
such that the drift in V,; for one FET compensates the drift in V,s of the 
other FET at constant values of Jp. The solid line R of Fig. 5-7 defines such 
a condition. 

As the temperature changes from 7, to 72, the operating point moves 
from the solid line R to the dashed line R’. The change in Vg, is equal for 
both FETs, and there is no change in Jp. This results in a condition of no drift. 

The stable operating points are accomplished by adding a resistor in the 
source of the proper FET. The added resistor goes in the source of the FET 
in which the current must be decreased. In the case of the Fig. 5-7 circuit, 
the resistor goes in the left side, corresponding to Jp,. The value of R can be 
calculated from 


R= Yes1 = Tost (5-7) 
D 


where V,,; and Vgs, are the value of gate-to-source voltage at the desired 
operating points, and J, is the current through the FET that has the added R. 


§-2.6. A Practical Drift—Offset Compensation Circuit 


In most practical applicctions there is already some resistance 
in the source, as shown in Fig. 5-8. The source resistances Rs are included to 
Stabilize the amplifier gain. To produce drift—offset compensation, one of the 
source resistors is shunted. The shunted resistor is the one in the side opposite 
that in which a compensating resistor is added. For example, in the Fig. 
5-7 circuit the source resistor is to be added at the left side. In the Fig. 5-8 
circuit the shunt resistor is added across R,, (the right side). The difference 
between the shunted resistor (R;, in this case) and the unshunted resistor 
(Rs,) is the value of the compensating resistor that would be added [using 
equation (5-7)]. 

Although the value of compensating resistance required can be approxi- 
mated using equation (5-7) and the curves of Fig. 5-7, the best results are 
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Fig. 5-8 Drift and offset compensation 


obtained by a trial-and-error selection. Drifts of a few microvolts per degree 
Celsius can be obtained over a wide (—55 to -++100°C) temperature range. If 
the temperature range is narrowed (0 to +50°C), almost perfect compensa- 
tion is possible with trial and error selection. 


5-2.7. Voltage Gain of. Compensated Differential Amplifier 


Voltage gain of the FET differential amplifier is the same as 
that for a single common-source stage, if both sides are well matched. The 
gain is expressed by 


—= Vy Rr < 
oe TR on 


where A,, is the differential-input to differential-output gain, y,, is the device 
transadmittance, y,, is the device output admittance, and R, is the load re- 
sistor (equal for each side) of the circuit. 


Sec. 5-2 FET Versus Two-Junction Transistors 281 


In most applications, | is much greater than y,,R,, so the gain becomes 
Aaa = VesR1 (5-9) 


The common-mode gain is given by 


A... == ee 277) 5-10 
1 5 VosRr ae 2Reos(Vos as Vrs) ( ) 


where A,, is the common-mode-input to differential-mode-output gain, and 
Recs 18 the value of the resistance in the common-source circuit of the two 
FETS. This indicates the desirability of using a constant current source in 
order to minimize the common-mode gain. 

Since, in most cases, y,, is much greater than y,,R,, equation (5-10) can 
be reduced to 


R 
A... = eee Ets a 5-11 
1 =F 2ResV Fs ( ) 


Furthermore, since 2Rcosy,, will generally be much larger than 1, the com- 
mon-mode gain becomes 


(5-12) 


Again, it must be emphasized that the foregoing equations for calculating 
gain are based on the assumption of well-matched devices. The accuracy of 
the equations is dictated to a large extent by the degree of matching. 


§-2.8. Eliminating Offset Voltage in the Differential 
Amplifier 


After the drift compensation has been accomplished, there 
will arise the need for eliminating the offset voltage at the differential ampli- 
fier output. That is, if one source has a different resistance value than the 
other source, there is a fixed difference in dc voltage at the outputs (drains), 
as well as a difference in gains. This difference can be offset by shunting one 
of the load (drain) resistors (R,, or R,,), as shown in Fig. 5-8. 

This shunt resistance causes a slight, but usually negligible, variation in 
gain between the two sides, and offsets the difference produced by the differ- 
ent source resistances. All other factors being equal, the gain of each side is 
set by the R,/R,; ratio. If Rs, is shunted to provide drift compensation, the 
value of Rs, is reduced and the gain is increased, so that the right side of the 
differential amplifier produces more gain than the left side. This can be offset 
by shunting R,, to restore the R,/Rs ratio, and make the gain for both sides 
equal. 
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5-3. COMMON-MODE DEFINITIONS 


The terms common mode and common-mode rejection are used 
frequently in differential-amplifier applications. All manufacturers do not 
agree on the exact definition of common-mode rejection. 

One manufacturer defines common-mode rejection (CMR, or sometimes 
listed as CM,,,), or the common-mode rejection ratio (CMRR), as the ratio 
of differential gain (usually large) to common-mode gain (usually a fraction). 
That is, the amplifier may have a large gain of differential signals (different 
signals at each input terminal, or one input terminal grounded and the op- 
posite input terminal with a signal), but little gain (or possibly a loss) of 
common-mode signals (same signal at both terminals). 

Another manufacturer defines CMR as the relationship of change in out- 
put voltage to the change in the input common-mode voltage producing it, 
divided by the open-loop gain (amplifier gain without feedback). 

For example, using the latter definition, assume that the common-mode 
input (applied to both terminals simultaneously) is 1 V, the resultant mea- 
sured output is 1 mV, and the open-loop gain is 100. The CMR is then 


(output/input) _ CMR 
open-loop gain — 


(0.001/1) - 
—T00 = 100,000 = 100 dB 


Another method by which to calculate CMR is to divide the output 
signal by the open-loop gain to find an equivalent differential input signal. 
Then the common-mode input signal is divided by this equivalent differential 
input signal. Using the same figures as in the previous CMR calculation, 


_ = 0.00001, equivalent differential input signal 
Le 
0000001 ~ 100,000 or 100dB 


No matter what basis is used for calculation, CMR is an indication of the 
degree of circuit balance of the differential stages, since a common-mode input 
signal should be amplified identically in both halves of the circuit. A large 
output for a given common-mode input is an indication of large unbalance 
or poor CMR. If there is an unbalance, a common-mode signal becomes a 
differential signal after it passes the first stage (or at the output in a single- 
stage differential amplifier). 

As with amplifier gain, CMR usually decreases as frequency increases. 
However, as a rule of thumb, the CMR of any differential amplifier should 
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be at least 20 dB greater then the open-loop gain at any frequency (within 
the limits of the amplifier). 


5-4. FLOATING INPUTS AND GROUND CURRENTS 


Since a differential amplifier is sensitive only to the difference 
between two input signals (in theory), the signal source need not be grounded 
and can be floating. Therefore, differential amplifiers are often used in test- 
equipment applications where the signal source is from a bridge (such as a 
bridge-type transducer) and the power supply is grounded. 

The differential amplifier also allows injection of a fixed dc voltage into 
either channel to permit establishment of a new voltage reference level at the 
output (some point other than 0 V). This is commonly referred to as zero sup- 
pression, and is discussed further in Chapter 6. 

A floating-input circuit can create problems. When the input is floating, 
cable shielding between the amplifier and signal source may be connected to 
chassis ground rather than to signal ground. However, both ac and dc volt- 
ages can exist between two widely separated earth grounds, causing current 
to flow. (Such currents are known as ground currents, and the circuits pro- 
ducing the current flow are known as ground loops) The condition is shown in 
Fig. 5-9, where a bridge-type transducer is used with a differential amplifier. 

Note that the signal source is connected to the transducer earth ground 
(local ground or physical ground, as it may sometimes be called). This ground 
point is connected to the amplifier ground through the cable shielding. The 
amplifier ground is connected to one of the differential inputs through the 


Bridge-type 
transducer 


| Cable 
shielding 


Signal / 


Signal 
source 


Ground 
sd currents 


Fig. 5-9 Bridge-type transducer used with differential amplifier 
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Fig. 5-10 Guard-shield technique used to reduce capacitance between 
signal leads and ground 


internal capacitance (represented as C,) of the amplifier, even though there 
may be no de connection between ground and the input terminal of a float- 
ing-input amplifier. The same differential input terminal is connected to the 
signal source through the signal leads and the transducer elements (bridge 
resistors in this case). Thus, the ac ground currents are mixed with the signal 
currents. This can result in an unbalance of the differential amplifier. Also, 
radiated signals picked up by the shield appear as undesired differential 
signals, rather than common-mode signals, and produce an undesired output. 

One method used to minimize this condition 1s shown in Fig. 5-10. Here, 
a guard shield is placed around the input circuits of the differential amplifier. 
This not only shields the differential amplifier from radiated signals, but also 
provides an electrostatic shield to break the internal capacitance C, into two 
series capacitances C,, and C,,. A much higher impedance is then presented 
to the flow of ac ground signals. This type of amplifier is termed a floated- 
input and guarded amplifier. 


5-5. DIFFERENTIAL AMPLIFIERS IN LABORATORY 
TEST EQUIPMENT 


Because of their ability to reject common-mode signals, differ- 
ential amplifiers are often used in laboratory test equipment. Figure 5-11 is 
the diagram of a differential amplifier used in a typical laboratory instru- 
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Fig. 5-11 Differential amplifier used in laboratory instrument 


ment. Note that FETs are used at the input (for high input impedance), 
whereas the output uses the emitter-follower configuration (for low output 
impedance). Direct coupling is used throughout to ensure good low-frequency 
response. 

In either design or troubleshooting of any differential amplifier, a consid- 
eration of major importance is that both halves of the amplifier be e/ectrical- 
ly symmetrical. That is, the input impedance at point A should be exactly 
equal to the input impedance at point B. R, and R, form an input attenuator 
with an impedance of R, + R;. The voltage attenuation is equal to the ratio 
R,/R, + R,. (Similarly, R, and R, form a division ratio of R,/R, + R,.) 
The sum of R, + R; is typically on the order of 1 MQ. Resistors R, and Rg 
(typically in the range of 100 kQ) limit the input current to protect Q, and 
Q,. Capacitors C, and C, couple ac signals directly to the gates of Q, and 
Q,, and thus give high-frequency peaking. (At high frequencies, the imped- 
ance offered by R, and R, could reduce the input signals.) 


§-5.1. Adjustment Controls in Differential Amplifiers 


Note that there are many adjustment controls in the circuit of 
Fig. 5-11. To properly analyze the circuit for troubleshooting or design, the 
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effects of these controls must be known. For example, in troubleshooting it 
may be possible to eliminate an apparent major fault simply by adjustment 
of the controls. The following descriptions are applicable to the specific con- 
trols of Fig. 5-11. However, similar controls (possibly identified by different 
names) appear on most differential amplifiers in laboratory equipment. 

Capacitors C, and C, (high-frequency CMR adjust) shunt the high-frequen- 
cy signals to ground. Capacitor C, (high-frequency compensation) shunts 
high-frequency signals between the emitters of OQ; and Q,. These three con- 
trols form the high-frequency compensation adjustments for the amplifier. 
When properly adjusted, the high-frequency signals are attenuated so that 
the response is flat over the desired range. 

The dc balance potentiometer R, compensates for any inherent difference 
between two halves of the input circuit. It is impossible to match the two 
halves perfectly. Also, component values will change with age and thus pro- 
duce an unbalance. Generally, R, is a very temperature stable potentiometer, 
and is mechanically secure so as not to lose its setting with any vibration. 
(Sometimes the potentiometer shift is provided with a locknut to prevent a 
change in setting due to vibration.) 

The function of R,, (dc level) and R,, (gain) are often confused. Poten- 
tiometer R,, sets the /Jevel of the dc voltage at the output, whereas Rj, sets 
the overall gain of the amplifier. It is quite possible for the amplifier to operate 
at the correct output level, but not to provide the necessary gain, and vice 
versa. 

In order to prevent temperature from causing the amplifier dc levels to 
drift, transistors QO, through Q, are mounted on the same temperature heat 
sink. Sometimes Q, through Q, are enclosed by a metal can, so they will all 
remain at the same temperature. In some cases, 0, and Q, may also share 
the same heat sink, but usually they are separate from Q, through Q,. How- 
ever, transistors Q, through Q, invariably are matched pairs and should be 
replaced (for troubleshooting) or selected (for design) as such. 

Transistors QO, and Q, (as well as corresponding transistors QO, and Q,) 
form a cascode amplifier (Sec. 4-7.2), with the result that the input to Q, Is 
voltage, whereas the output of Q, into Q, is current. The output of Q, is 
voltage again, since the input impedance of Q, is quite low, whereas the Q, 
output impedance is quite high. Transistors Q, and Q,, are emitter followers 
used to reduce the high impedance from Q, to a low output impedance. 


§-5.2. Failure Patterns for Differential Amplifiers 


The four most common failures of a differential amplifier are 
loss of gain (voltage or current), poor common-mode rejection, dc unbalance, 
and output signal dec drift. 

Loss of gain (voltage or current). If there is a lack of gain in a particular 
design, the cause is usually one of incorrect component values (low R,/Rze 
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ratio, for example), or possibly a problem of low beta (or poor y,, in FETs). 
Such conditions can only be corrected by trial-and-error substitution in ex- 
perimental circuits. 

In an existing differential amplifier, if a loss of gain has been gradual, com- 
ponent aging is usually the fault. Always try to correct a loss-of-gain problem, 
frequency-response problem, or an improper-output-level problem by ad- 
justment. Gradual losses are not common in well-designed equipment. Also, 
usually on/y-half the circuit will lose gain, thus unbalancing the amplifier. 
Any differential amplifier that requires continued adjustment of the dc bal- 
ance control is suspect. If there is a total breakdown or extreme unbalance, 
check the active elements in the usual manner. Refer to Chapter 7. 

Poor common-mode rejection. Poor CMR is due most commonly to non- 
symmetrical gain on both halves of the amplifier. This is one of the reasons 
for including the CMR adjustment capacitors (C, and C, of Fig. 5-11). 

Always try to correct a CMR problem by adjustment first. Do not forget 
to include the balance adjustments, since any unbalance is reflected as a poor 
CMR ratio. Another point to remember is that attenuator probes, attenuator 
networks, and the like, must be perfectly matched with regard to both alter- 
nating and direct current to get a good CMR ratio. (Some laboratory in- 
struments are provided with attenuator networks and probes, usually at the 
input circuit. Although usually not part of the amplifier, their operation has 
a direct effect on amplifier performance. Try to avoid using external attenua- 
tors in calibrating a differential amplifier for CMR. Unmatched external 
calibrators just add one more unknown.) 

Direct-current unbalance. Problems of dc unbalance are almost always due 
to component aging or mismatched temperature coefficients of symmetrical 
components. That is, the components can age faster in one half of one stage, 
thus unbalancing the entire amplifier circuit. The same applies to an unbal- 
ance introduced by a mismatched temperature coefficient. 

If many stages are used in the amplifier, start by balancing the /ast stage 
first. Make the inputs to the last stage equal (tie both halves together, ground 
both inputs, or apply the same signal to both inputs, depending on the specific 
circuit), and adjust the stage’s dc balance control. Sometimes the last stage 
will not have a balance control, but can be checked for balance. For example, 
in Fig. 5-11 the voltage drop across R,, should be the same as across Rp, 
the drop across R,, should be the same as R,;, and so on. 

Continue this checking process, moving toward the first stage and always 
monitoring the main output, until the trouble has been located. Usually, this 
sequence can isolate a badly unbalanced section. 

If the circuit is part of an oscilloscope (differential amplifiers are often 
found in laboratory oscilloscopes), an unbalance is easily detected by ground- 
ing the two inputs and rotating the oscilloscope gain control (often called the 
vernier control). An unbalance will show up in the form of a trace shift. That 
is, the oscilloscope trace will shift vertically as the gain control is changed, 
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even though both inputs are at zero. This is a result of dc signal being de- 
veloped across the gain control due to unbalance. The amplifier can then be 
balanced by adjusting the amplifier dc balance potentiometer until no trace 
shift is observed when the gain control is rotated. 

Output signal drift. A slow drift of any kind at the output is usually linked 
to a dc unbalance. Temperature compensation (or a lack thereof) plays a 
major role in such cases. A well-designed circuit is very seldom plagued by 
temperature problems. However, occasionally circuits may be overheated, 
and solid-state components can be partially damaged (changing their tem- 
perature coefficients, but not destroying their function). 

When replacing parts (for troubleshooting) or selecting parts (for design) 
always make sure that both halves of the amplifier are well matched in all 
characteristics (gain, temperature coefficient, etc.), especially in the rvery 
first stage. Minor unbalances in the first stage of a differential amplifier are 
amplified by each stage thereafter, possibly resulting in a major unbalance 
at the output. 


5-6. DIFFERENTIAL AMPLIFIERS AS TUNED AMPLIFIERS 
AND CASCADED AMPLIFIERS 


The differential amplifier of Fig. 5-2 (Sec. 5-1) is found in IC 
form. There are a variety of uses for such IC differential amplifiers. The fol- 
lowing paragraphs describe two typical applications. 


5-6.1. Cascaded RC Coupled Feedback Amplifier 


Figure 5-12 shows the IC differential amplifier used in a two- 
stage, feedback, cascade amplifier. (Note that two ICs are required.) The 
cascade amplifier produces a typical open-loop (without resistor R,) midband 
gain of 63 dB. The circuit of Fig. 5-12 uses a 100-pF capacitor C, to shunt 
the differential outputs of the first stage. Capacitor C, staggers the high- 
frequency roll-offs of the amplifier, and thus improves stability (prevents 
oscillations). 

The low-end rolloff of the amplifier is determined by the interstage coupl- 
ing. Because AGC may be applied to the first stage (terminal 2 at the base of 
the current source transistor, Fig. 5-2), the amplifier of Fig. 5-12 can be used 
in high-gain video AGC applications under open-loop conditions. If resistor 
R, is included and feedback is used to control the gain, AGC may still be 
applied successfully. 

If three or more ICs are cascaded, the low-frequency rolloffs must be stag- 
gered (by using different values of interstage coupling capacitors). Likewise, 
the high-frequency rolloffs should be staggered (by using different values of 
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Fig. 5-12 Cascaded, RC-coupled, feedback amplifier 


C,). This staggering of rolloff frequencies will minimize the possibility of 
oscillation. Three cascaded stages produce about 94-dB gain. 


5-6.2. Narrowband Tuned Amplifier 


Because of its high input and output impedances, the IC is 
suitable for use in parallel tuned-input and tuned-output applications. There 
is a comparative freedom in selection of circuit Q because the differential 
amplifier exhibits inherently low feedback qualities, provided the following 
conditions are met: (1) the collector of the driven transistor is returned to ac 
ground, and the output is taken from the nondriven side, and (2) the input 
is adequately shielded from the output by a ground plane. 

The tuned amplifier circuit is shown in Fig. 5-13. By comparison of this 
circuit against the IC schematic of Fig. 5-2, it will be seen that the driven 
transistor Q, has the collector (terminal 10) returned to ac ground through 
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Fig. 5-13 Narrowband tuned amplifier 


the 0.0015-uF capacitor, and that the output is taken from the nondriven 
side (terminal 8, with input terminal 6 grounded). 

The circuit of Fig. 5-13 is a narrowband tuned-input tuned-output con- 
figuration for operation at 10 MHz, with an input Q of 26 and an output Q 
of 25. A typical response curve is also shown. The 10-MHz voltage gain 1s 
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about 30 dB, and the total effective Q is 37. The CA3000 can be used in tuned- 
amplifier applications at frequencies up to the 30-MHz range. 


5-7. DIFFERENTIAL INPUTS AND OUTPUTS 


Differential amplifiers can have differential inputs with differ- 
ential outputs, differential inputs with single-ended output, or single-ended 
input with differential output, depending upon the particular application. 
The differential input is usually required where there are high common-mode 
signals, or where the source is floating (no reference to ground). The differ- 
ential output is required when both amplitude and polarity must be consid- 
ered. 

A laboratory differential voltmeter is a classic example of this latter re- 
quirement. Such meters must amplify very small differential signals in the 
presence of large common-mode signals. The output of the meter amplifier 
is fed to the meter movement, where both the amplitude and polarity of the 
differential signal are indicated (as a plus or minus voltage readout), but 
common-mode signals are rejected. 

A differential output amplifier can be made by using two amplifiers. How- 
ever, to be really effective, both amplifiers must be identica/ in characteristics 
(gain, temperature drift, etc.). This is best accomplished using a dual-channel 
amplifier, in differential form, with both channels fabricated on the same 
semiconductor chip. Such an arrangement is shown in Fig. 5-14, which is the 
schematic of a Motorola MC1520 IC differential amplifier. 


§-7.1. Circuit Description 


Transistors Q, and Q, differentially amplify the input signal 
applied between pin 9 and pin 10. The emitter follower input buffering, pro- 
vided by Q, at the noninverting input and Q, at the inverting input, is used 
to obtain the high input impedance, to minimize the input capacitance, and 
to reduce the dependence of offset and impedance variations upon device 
current gains. 

Transistor Q, serves as the temperature-compensated current source, used 
primarily to provide a high common-mode rejection ratio. A common-mode 
feedback loop is incorporated around the input stage to provide Q-point 
operating stability for the input devices, and thus ensure a more predictable 
input common-mode voltage swing. The base of Q, and collector of Qs are 
wire bonded to pins | and 7 (as are the base of Q, and collector of Q,, to 
pins 2 and 6) to provide for open-loop frequency compensation capacitors. 

A resistive level shifter follows the input stage to maintain the desired volt- 
age levels at the overall device output. (Level shifters are discussed further 
in Sec. 5-8.) The second differential gain stage also contains emitter-follower 
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Fig. 5-14 Motorola MC1520 differential output amplifier 
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buffering to minimize losses in the resistive level shifter and loading of the 
first stage collectors. 

Low output impedance and a large output swing are provided at the out- 
put by differential emitter followers Q,, and Q,7,. To improve peak negative 
swing of the amplifier, a current source Q,, (rather than the usual emitter re- 
sistor) is used to bias the emitter follower. 

Stabilization of output Q point is obtained by using a /ocal common-mode 
feedback loop incorporating a separate differential amplifier stage (Q,, and 
Q,,4). This circuit holds average voltage output at ground potential for split- 
power-supply operation, and at V;,,/2 for single-power-supply operation. 
Changes in output Q point (also known as no-signal drift or zero drift) are 
minimized by using temperature compensation diodes D, and D, in the base 
circuits of the feedback differential amplifier. 


§-7.2. Typical Connections and Applications 


The IC differential amplifier shown in Fig. 5-14 can be used 
wherever a high-gain wide-frequency-range differential amplifier is required. 


Balanced input - differential output 


Single-ended input - differential output 


ah t= LM 


=—N 


Fig. 5-15 Typical connections for differential output amplifier 
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Figure 5-15 shows the connections for both balanced-input and unbalanced- 
input operation. The recommended values for the external resistors and capa- 
citors, together with corresponding gain and frequency ranges, are given in 
the IC datasheet. The IC can also be used as a single-ended operational 
amplifier (Chapter 6) if desired. 


5-8. DIFFERENTIAL AMPLIFIERS AS LINEAR 
INTEGRATED-CIRCUIT OPERATIONAL AMPLIFIERS 


The most common form of linear IC is the operational ampli- 
fier, or op-amp. As discussed in Chapter 6, such amplifiers are high-gain 
direct-coupled circuits where the gain and frequency response are controlled 
by external feedback networks. With these feedback networks, the op-amp 
can be used to produce a broad range of intricate transfer functions, and thus 
may be adapted for use in many widely different applications. 

Although the op-amp was originally designed to perform various mathe- 
matical functions (differentiation, integration, analog comparisons, and 
summation) the op-amp may also be used for many other applications. For 
example, the same op-amp, by modification of the feedback network, may 
be used to provide the broad, flat frequency-gain response of video ampli- 
fiers, or the peaked response of various types of shaping amplifier. This 
capability makes the op-amp the most versatile configuration used for linear 
ICs. 


5-8.1. Balanced Differential Operational Amplifier 


The most common type of linear IC op-amp uses a balanced 
differential amplifier circuit. Figure 5-16 shows a typical circuit. The complete 
circuit shown is contained in a ceramic flat pack (less than 4 in. square) with 
14 terminal leads. Note that no internal capacitors are used, only resistors 
and transistors. 

The basic purpose of such a circuit is to produce an output signal that is 
linearly proportional to the difference between two signals applied to the input. 
The circuit shown will provide an over all open-loop gain of approximately 
2500. 

As discussed, in a theoretical differential amplifier, no output is produced 
when the signals at the inputs are identical. Thus, differential amplifiers are 
particularly useful for op-amps, because common-mode signals are elimi- 
nated or greatly reduced. 


5-8.2. Operational-Amplifier Circuit Description 


The following is a brief description of the circuit shown in Fig. 
5-16. As illustrated, the operational amplifier consists basically of the two 
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Fig. 5-16 Typical IC op-amp using balanced differential-amplifier cir- 
cuit 


differential amplifiers and a single-ended output circuit in cascade. The pair 
of cascaded differential amplifiers provides most of the gain. 

The inputs to the op-amp are applied to the bases of the pair of emitter- 
coupled transistors Q, and Q, in the first differential amplifier. The inverting 
Input is applied to the base of transistor Q,, and the noninverting input is 
applied to the base of Q,. With the noninverting input grounded, and signals 
applied only to the inverting input, the output is an amplified and inverted 
version of the input. For example, if the input is a positive pulse, the output 
is a negative pulse. If the noninverting input is used, with the inverting input 
grounded, the output is an amplified version of the input (without inversion). 
Transistors QO, and Q, develop driving signals for the second differential 
amplifier. 

Transistor Q., a constant-current device, is included in the first differential 
stage to provide bias stabilization for Q, and Q,. If there is an increase in 
supply voltage, which will normally increase the current through Q, and Q,, 
the reverse bias on Q, increases. This reduces the Q,—Q, current, and offsets 
the effect of the initial supply voltage increase. 

Diode D, provides thermal compensation for the first differential stage. If 
there is an increase in operating temperature of the IC, which would normally 
increase the current through Q, and Q,, there is a corresponding increase in 
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current flow through D,, since the diode is fabricated on the same silicon 
chip as the transistors. The increase in D, current also increases the reverse 
bias of Q,, thus offsetting the initial change in temperature. 

The emitter-coupled transistors, Q,; and Q,, in the second differential 
amplifier are driven push—pull by the outputs from the first differential am- 
plifier. Bias stabilization for the second differential amplifier is provided by 
current transistor Q,. Compensating diode D, provides the thermal stabili- 
zation for the second differential amplifier, and also for the current transistor 
Q, in the output stage. 

Transistor Q, develops the negative feedback to reduce common-mode 
error signals that are developed when the same input is applied to both input 
terminals of the operational amplifier. Transistor Q,; samples the signal that 
is developed at the emitters of transistors Q,; and Q,. Because the second 
differential-amplifier stage is driven push-pull, the signal at this point (the 
emitters) is zero when the first differential-amplifier stage and the base-emitter 
circuits of the second stage are matched, and there is no common-mode input. 

A portion of any common-mode, or error, signal that appears at the emit- 
ters of transistors Q, and Q, is developed by transistor Q, across resistor R, 
(the common collector resistor for transistors 0,, Q,, and Q,) in the proper 
phase to reduce the error. The emitter circuit of transistor Q, also reflects a 
portion of the same error signal into current transistor Q, in the second dif- 
ferential stage so that the initial error signal is further reduced. 

Transistor Q, also develops feedback signals to compensate for common- 
mode effects produced by variations in the supply voltage. For example, a 
decrease in the positive supply voltage results in a decrease of the voltage at 
the emitters of Q; and Q,. This negative-going change in voltage is reflected 
by the emitter circuit of QO, to the bases of current transistors Q, and Q,. 
Less current then flows through these transistors. 

The decrease in collector current of Q, results in a reduction of the current 
through Q; and Q,, and the collector voltages of these transistors tend to 
increase. This tendency partially cancels the decrease that occurs with the 
reduction of the positive supply voltage. The partially canceled decrease in 
the collector voltage of Q, is coupled directly to the base of Qs, and is trans- 
mitted by the emitter of Q, to the base of Q,,. At this point, the decrease in 
voltage is further canceled by the increase in the collector voltage of transistor 
Qo. 

In a similar manner, transistor Q, develops the compensating feedback to 
cancel the effects of an increase in the positive supply (or of variations in the 
negative supply voltage). Because of the feedback stabilization provided by 
transistor Q,, the IC op-amp circuit of Fig. 5-16 provides high common- 
mode rejection, has excellent open-loop stability, and has a low sensitivity to 
power-supply variations. All these characteristics are critical to IC op-amps, 
as is discussed in Chapter 6. 
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In addition to their function in the cancellation of supply voltage varia- 
tions, transistors Q,, Q,, and Q,, are used in an emitter-follower type of 
single-ended output circuit. The output of the second differential amplifier 
is directly coupled to the base of Q,, and the emitter circuit of transistor QO, 
supplies the base-drive input for output transistor Q, 5. 

A small amount of signal gain in the output circuit is made possible by the 
connection from the emitter of the output transistor Q,, to the emitter circuit 
of transistor Q, (at the junction of R,, and R,;). Without this connection, the 
transistor could be considered as merely a constant-current sink for drive 
transistor Q,. Because of the connection, however, the output circuit can 
provide a signal gain of 1.5 from the collector of differential-amplifier tran- 
sistor QO, to the output. Although this small amount of gain may seem insig- 
nificant, it does increase the output swing capabilities of the op-amps. 

The output from the op-amp circuit is taken from the emitter of the output 
transistor Q,, so that the dc level of the output signal is substantially lower 
than that of the differential amplifier output at the collector of transistor Q,. 
In this way, the output circuit shifts the dc level at the output so that it is 
effectively the same as the at the input when no signal is applied. This prob- 
lem of dc level shifting is discussed further in Sec. 5-8.3. 

Resistor R,, in series with terminal 8 increases the ac short-circuit load 
capability of the operational amplifier, when terminal 8 is shorted to terminal 
12, so that R,, is connected between the output and the negative supply. 


5§-8.3. Direct-Current Level-Shifting Problems 


In any cascade direct-coupled amplifier, either discrete com- 
ponent or IC, the dc level rises through successive stages toward the supply 
voltage. In linear ICs, the de voltage builds up through the NPN stages in 
the positive direction, and must be shifted negatively if large output signal 
swings are to be obtained. For example, if the supply voltage is 10 V and the 
output is at 9 V under no-signal conditions, the maximum output voltage 
Swing is limited to less than | V. ¢ 

In multistage high-gain ICs, such as op-amps and special-purpose multi- 
function circuits, which use external feedback, it is especially important to 
provide for compensation of the dec level shift. Such amplifiers must have 
equal (and preferably zero) input and output dc levels so that the dc coupling 
of the feedback connection does not shift any bias point. For example, if the 
input is at O V, but the output is at 3 V, this 3 V is reflected back through an 
external feedback resistor, and changes the input to a 3-V level. 

The use of an output stage, such as shown in Fig. 5-16, is a commonly 
used technique to prevent a shift in dc level between the output and input of 
an IC. Transistor Q, operates as an input buffer, and transistor Q, is essen- 
tially a current sink for Q,. The shift in dc level is accomplished by the volt- 


298 Differential Amplifiers Chap. 5 


age drop across resistor R,, produced by the collector current of transistor 
Q,. The emitter of the output transistor Q,, is connected to the emitter of 
Q,. Feedback through R,, results in a decrease in the voltage drop across R,,4 
for negative-going output swings, and an increase in this voltage drop for 
positive-going output swings. 

If properly designed, the circuit shown in Fig. 5-16 can provide substantial 
voltage gain, high input impedance, low output impedance, and an output 
swing nearly equal to the supply voltages, in addition to the desired shift in 
dc level. Moreover, feedback may be coupled from the output to the input to 
compensate for dc common-mode effects that result from variations in the 
supply voltages. 


5-8.4. Summary of Advantages for Differential 
Integrated-Circuit Op-Amps 


The balanced differential amplifier is considered the optimum 
configuration for general-purpose linear ICs by most manufacturers. This 
circuit configuration is generally preferred over other possible types (a feed- 
back pair for example) for the following reasons: 

Advantage can be taken from the exceptional balance between the differ- 
ential inputs that results from the inherent match in base-to-emitter voltage 
and short-circuit current gain of the two (differential-pair) transistors, which 
are processed in exactly the same way and are located very close to each other 
on the same very small silicon chip. 

The differential-amplifier circuit uses a minimum number of capacitors. 
Generally, no internal capacitors are used in IC differential amplifiers. 

The use of large capacitors can usually be avoided, and the gain of the 
differential amplifier circuit is a function of resistance ratios, rather than of 
actual resistance values. 

The differential amplifier is much more versatile than other possible circuit 
configurations, and can be readily adapted for use in a variety of component 
applications. For example, in the circuit of Fig. 5-16 there are many connec- 
tions to internal circuit components, in addition to the inputs, output, and 
power supplies. This is typical of differential amplifier ICs. The additional 
connections (such as the collectors of 0,, Q,, O;, Q,, and Q,) provide a va- 
riety of input-output points for the phase-lead and phase-lag compensation 
techniques described in Chapter 6. 


6. OPERATIONAL AMPLIFIERS 


The subject of operational amplifiers (or op-amps) is so broad 
that it is difficult to cover in one book, much less one chapter. Op-amps are 
discussed fully in the author’s Manual for IC Users (Reston Publishing 
Company, Inc., Reston, Va., 1973). The following sections summarize theory 
and use of op-amps. 

The designation “op-amp” was originally adopted for a series of high- 
performance dc amplifiers used in analog computers. These amplifiers were 
used to perform mathematical operations applicable to analog computation 
(summation, scaling, subtraction, integration, etc.). Today, the availability of 
inexpensive IC amplifiers has made the packaged op-amp useful as a replace- 
ment for any low-frequency amplifier. 

In the first sections of this chapter we discuss the basic IC op-amp, con- 
centrating on how to interpret IC op-amp datasheets, design considerations 
for frequency response and gain, as well as a specific design example for a 
typical IC op-amp. In later sections of the chapter we discuss some typical 
applications for the op-amp. 

Most of the basic design information for a particular IC op-amp can be 
obtained from the datasheet. Likewise, a typical op-amp datasheet may de- 
scribe a few specific applications for the op-amp. However, the datasheets 
generally have two weak points. First, they do not show how the listed pa- 
rameters relate to design problems. Second, they do not describe the great 
variety of applications for which a basic op-amp can be used. 

In any event, it is always necessary to interpret datasheets. Each manufac- 
turer has its own system of datasheets. It is impractical to discuss al] data- 
sheets here. Instead, we shall discuss typical information found on IC 
op-amp datasheets, and see how this information affects design and use. 
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6-1. TYPICAL INTEGRATED-CIRCUIT OP-AMP 


Integrated-circuit op-amps generally use several differential 
stages in cascade to provide common-mode rejection and high gain. The 
IC op-amp described in Sec. 5-8 is typical. Integrated circuit op-amps gener- 
ally require both positive and negative power supplies. Since a differential 
amplifier has two inputs, it provides phase inversion for degenerative (or 
negative) feedback, and can be connected to provide in-phase or out-of- 
phase amplification. 

In typical use an op-amp requires that the output be fed back to the input 
through a resistance or impedance. The output is fed back to the negative or 
inverting input so as to produce degenerative feedback (to set the desired 
gain and frequency response). As in any amplifier, the signal shifts in phase as 
it passes from input to output. This phase shift is dependent upon frequency. 
When the phase shift approaches 180° (generally as frequency increases), 
the through-amplifier phase shift adds to (or cancels out) the 180° feedback 
phase shift. Thus, the feedback is in phase with the input (or nearly so) and 
causes the amplifier to oscillate. This condition of phase shift with increased 
frequency limits the bandwidth of the op-amp. That is, there is some frequency 
at which any op-amp will produce enough through-amplifier phase shift to 
oscillate. The condition can be compensated by the addition of a phase-shift 
network (usually an RC circuit, but sometimes a single capacitor) to the in- 
ternal amplifier circuit or the input. 

Linear IC op-amps are available in the three basic IC package types (flat 
pack, T0-5 style, and dual in-line). In most cases, the packages have terminals 
that provide for connecting external phase compensation networks to internal 
amplifier circuits. (See Fig. 5-16, and refer to Sec. 5-8.4.) 


6-2. DESIGN CONSIDERATION FOR FREQUENCY 
RESPONSE AND GAIN 


Most of the design problems for IC op-amps are the result of 
tradeoffs between gain and frequency response (or bandwidth). The open- 
loop (without feedback) gain and frequency response are characteristics of 
the basic IC package, but can be modified with external phase compensation 
networks. The closed-loop (with feedback) gain and frequency response are 
primarily dependent upon external feedback components. 

The two basic op-amp configurations, inverting feedback and noninverting 
feedback, are shown in Figs. 6-1 and 6-2, respectively. The equations on Figs. 
6-1 and 6-2 are classic guidelines. The equations do not take into account the 
fact that open-loop gain is not infinitely high, and the output or load imped- 
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Fig. 6-1 
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ance is not infinitely low. Thus, the equations contain built-in inaccuracies, 
and must be used as guides only. 

When Joop gain is large, the inaccuracies in the equations decrease. Loop 
gain is defined as the ratio of open-loop gain to closed-loop gain, as shown in 
Fig. 6-3. 

The relationships in Fig. 6-3 are based on a theoretical op-amp. That is, 
the open-loop gain rolls off at 6 dB per octave, or 20 dB per decade. (The 
term 6 dB per octave means that the gain drops by 6 dB each time frequency 
is doubled. This is the same as a 20-dB drop each time the frequency Is in- 
creased by a factor of 10.) 


Open-loop gain 


1s Slope = 6 dB per octave 
—_ or 
a 20 dB per decade 


60 
Voltage 
gain 
(dB) 40 


Unity gain 
(zero gain, zero loss) 


10°' 10° 10’ 102 10% 104 10° 10° 


Frequency (Hz) 


open-loop gain 


Loo ny —— 
oe closed-loop gain 


Fig. 6-3 Frequency-response curve of theoretical op-amp 


If the open-loop gain of an amplifier is as shown in Fig. 6-3, any stable, 
closed-loop gain can be produced by the proper selection of feedback com- 
ponents, provided the closed-loop gain is less than the open-loop gain. The 
only concern is a tradeoff between gain and frequency response. 

For example, if a voltage gain of 40 dB (107) is desired, a feedback resis- 
tance 10? times larger than the input resistance is used. The gain is then flat 
to 10* Hz, and rolloff is 6 dB per octave to unity gain at 10° Hz. If 60-dB (10°) 
gain is required, the feedback resistance is raised to 10? times the input re- 
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Fig. 6-4 Frequency-response and phase-shift characteristics of practi- 
cal IC op-amp 


sistance. This reduces the frequency response. Gain is flat to 103 Hz (instead 
of 10* Hz), followed by rolloff of 6 dB per octave down to unity gain. 

The open-loop frequency response curve of a practical IC op-amp more 
closely resembles that shown in Fig. 6-4. Here, gain is flat at 60 dB to about 
200 kHz, then rolls off at 6 dB per octave to 2 MHz. As frequency increases, 
rolloff continues at 12 dB per octave (40 dB per decade) to 20 MHz (where 
gain is about unity or 0), then rolls off at 18 dB per octave (60 dB per decade). 

Some IC op-amp datasheets provide a curve similar to that shown in Fig. 
6-4. If the curves are not available, it 1s possible to test the op-amp under 
laboratory conditions, and draw an actual response curve (frequency response 
and phase shift). The necessary procedures are described in Chapter 7. 

The sharp rolloff at high frequencies, in itself, 1s not a problem in op-amp 
use (unless the op-amp must be operated at a frequency very near the high 
end). However, note that the phase reponse (phase shift between input and 
output) changes with frequency. The phase response of Fig. 6-4 shows that a 
negative feedback (at low frequency) can become positive (and cause the am- 
plifier to be unstable) at high frequencies (possibly resulting in oscillation). 
In Fig. 6-4, a 180° phase shift occurs at approximately 4 MHz. This is the 
frequency at which open-loop gain 1s about +20 dB. 

As a guide, when a selected closed-loop gain is equal to, or less than, the 
open-loop gain at the 180° phase-shift point, the amplifier 1s wnstable. For ex- 
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ample, if a closed-loop gain of 20 dB or less is selected, a circuit with the 
curves of Fig. 6-4 will be unstable. (Note the point where the —180° phase 
angle intersects the phase-shift line. Then draw a vertical line up to cross the 
open-loop-gain line.) 

The closed-loop gain must be more than the open-loop gain at the fre- 
quency where the 180° phase shift occurs, but /ess than the maximum open- 
loop gain. Using Fig. 6-4 as an example, the closed-loop gain must be greater 
than 20 dB, but less than 60 dB. 


6-2.1. Phase-Compensation Methods 


Op-amp design problems created by excessive phase shift can 
be solved by the use of compensating techniques that a/ter response so that 
excessive phase shifts no longer occur. There are three basic methods of 
phase compensation. 

The closed-loop gain can be altered by means of capacitors and/or inductances 
in the feedback circuit. These elements change the pure resistance to an 
impedance that changes with frequency, thus providing a different amount of 
feedback at different frequencies, and a shift in phase of the feedback signal. 
This offsets the undesired through-amplifier phase shift. 

Compensation of phase shift by closed-loop feedback methods is generally 
not recommended, since they create impedance problems at both the high- 
and low-frequency limits. Feedback compensation is not considered here, 
except where the op-amp is to be used in a bandpass function, as described in 
later sections of this chapter. 

The open-loop input impedance can be altered by means of a resistor and 
capacitor, as shown in Fig. 6-5. The input impedance of the series C and R 
decreases as frequency increases, thus altering through-amplifier (open-loop) 
gain. As shown in Fig. 6-5, this arrangement causes the rolloff to start at a 
lower frequency, but produces a stable rolloff similar to that of the “ideal” 
curve of Fig. 6-3. With the circuit properly compensated, the desired closed- 
loop gain is produced by selection of external resistors. 

The open-loop gain can be altered by one of several phase-compensation 
schemes, as shown in Figs. 6-6, 6-7, and 6-8. 

In Fig. 6-6 (known as phase-lead compensation) the open-loop gain is 
changed by an external capacitor (usually connected between collectors in 
one of the high-gain stages). 

In Fig. 6-7 (generally referred to as RC rolloff, or straight rolloff, or phase-lag 
compensation) the open-loop gain is altered by means of an appropriate ex- 
ternal RC network connected across a circuit component. With this method, 
the rolloff starts at the “corner” frequency produced by the RC network. 
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Fig. 6-5 Frequency-response compensation by modification of open- 
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Fig. 6-6 Frequency compensation with external capacitor (phase-lead 
compensation) 


In Fig. 6-8 (known as Miller-effect rolloff, or Miller-effect phase-lag com- 
pensation) the open-loop gain is altered by an RC network connected between 
the input and output of an inverting gain stage in the op-amp. 


6-2.2. Selecting a Phase-Compensation Scheme 


A comprehensive IC op-amp datasheet will recommed one or 
more methods for phase compensation, and will show the relative merits of 
each method. Usually, this is done by means of response curves for various 
values of the compensating network. 

The recommended phase-compensation methods and values should be used 
in all cases. Proper phase compensation of an op-amp Is a difficult, trial-and- 
error job at best. By using the datasheet values, it is possible to take advantage 
of the manufacturer’s test results on production quantities of a given IC op- 
amp. 

If the datasheet is not available, or if the datasheet does not show the 
desired information, it is still possible to design a phase-compensation net- 
work using the rule-of-thumb equations. 

The first step in phase compensation (when not following the datasheet) 
is to connect the op-amp to an appropriate power source as discussed in 
Sec. 6-4. Then test the op-amp for open-loop frequency response and phase 
shift as described in Chapter 7. 
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Draw a response curve similar to Fig. 6-4. On the basis of actual open-loop 
response and the equations of Figs. 6-5 through 6-8, elect trial values for the 
phase-compensating network. Then repeat the frequency-response and phase- 
shift tests. If the response is not as desired, change the values as necessary. 

A careful inspection of the equations on Figs. 6-5 through 6-8 show that it 
is necessary to know certain internal characteristics of the op-amp before an 
accurate prediction of the compensated frequency response can be found. 
For example, in Figs. 6-7 and 6-8 the values of R and C of the compensation 
network are based on the uncompensated open-loop frequency at which gain 
changes from a 6 GB per octave drop to a !2 dB per octave drop. This can be 
found by test of the uncompensated op-amp. However, to predict the fre- 
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Fig. 6-8 Frequency-response compensation with external capacitor 
and resistor (Miller-effect rolloff) 


quency at which the compensated response will start to roll off (the “corner” 
frequency), or the gain after compensation, requires a knowledge of internal 
stage transconductance (or gain) and stage load. This information is usually 
not available and cannot be found by simple test. 

An exception to this is modification of the open-loop input impedance, as 
shown in Fig. 6-5. The only op-amp characteristic required here is the input 
impedance (or resistance). This is almost always available on the datasheet. 
If not, it can be found by a simple test, as described in Chapter 7. 
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6-2.3. Design Example for Modification of Open-Loop 
Input Impedance of an Op-Amp 


The connections, frequency plots, and equations for modifi- 
cation of open-loop input impedance are shown in Fig. 6-5. 

The first step is to note the frequency at which the uncompensated rolloff 
changes from 6 to 12 dB (point A). The compensated rolloff should be zero 
(unity gain, point B) at the same frequency. 

Draw a line up to the left from point B that increases at 6 dB per octave. 
For example, if point B is at 350 kHz, the line should intersect 35 kHz as it 
crosses the 20-dB gain point. (In a practical circuit, the rolloff starts at a 
slightly lower frequency, about 28 to 30 kHz at 20-dB gain, since the rolloff 
point is rounded, rather than a sharp “corner.”) 

Any combination of compensated gain and rolloff starting frequency 
(point C) can be selected along the line. For example, if the rolloff starts at 
10 kHz, the gain is about 30 dB, and vice versa. 

Assume that the circuit of Fig. 6-5 is used to produce a compensated gain 
of 60 dB, with rolloff starting at 280 Hz and dropping to zero (unity gain at 
350 kHz). The op-amp to be used has an uncompensated gain of about 94 dB, 
with a rolloff pattern similar to that of Fig. 6-5. The typical input impedance 
is 150 kQ. 

Using the compensated gain equation of Fig. 6-5, the relationship is 


__ (94 dB)(150,000) 
os 150,000 + R, + R; 
Therefore, 
Roky = (= -!) % 150,000 
1 3 60 ) 


= 0.57 x 150,000 
= 85,500 


If R, = R;, then R, = R, = 42,750. The nearest standard value is 43 kQ. 
Using the equation of Fig. 6-5, the value of R, is 


R, = 


er : 1\(1 an) 
280 


85,500 
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The value of C, is 


| 


= een = 0.01 WF 
(3000)(6.28)(5000) 0.01 wF, nearest standard value 


Cy 


If the circuit of Fig. 6-5 shows any instability in the open-loop or closed- 
loop condition, try increasing the values of R, and R, (to reduce gain); then 
select new values for R, and C,. 


6-3. INTERPRETING INTEGRATED-CIRCUIT OP-AMP 
DATASHEETS 


Most of the basic design information for a particular IC op- 
amp can be obtained from the datasheet. There are some exceptions to this 
rule. For certain applications it may be necessary to test the op-amp under 
simulated operating conditions. However, it is always necessary to interpret 
datasheets. Each manufacturer has its own system of datasheets. It is imprac- 
tical to discuss all datasheet formats here. Instead we shall discuss typical 
information found on datasheets. 


6-3.7. Open-Loop Voltage Gain 


The open-loop voltage gain (Ayo, or Aoz) is defined as the 
ratio of a change in output voltage to a change in input voltage at the input 
terminals. Open-loop gain is always measured without feedback, and usually 
without compensation. 

Open-loop gain is frequency dependent (gain decreases with increased fre- 
quency). Open-loop gain is also temperature dependent (gain decreases with 
increased temperature, as shown in Fig. 6-9). 

As discussed, open-loop gain can be modified by several compensation 
methods. A typical op-amp datasheet will show the results of such compensa- 
tion, usually by means of graphs, such as shown in Fig. 6-10. 

After compensation is applied, the IC can be connected in the closed-loop 
configuration. The voltage gain under closed-loop conditions is dependent 
upon external components (the ratio of feedback resistance to input resis- 
tance). Thus, closed-loop gain is usually not listed, as such, on IC op-amp 
Sheets. However, the datasheet may show some typical gain curves with 
various ratios of feedback (Fig. 6-11). If available, such curves can be used 
directly to select values of feedback components. 

When a capacitor is used to compensate or modify voltage gain, the s/ew 
rate (or slewing rate) of an op-amp can be affected. The slow rate is the maxi- 
mum rate of change of the output voltage (Voy or Egur), with respect to time, 
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Fig. 6-11 Closed-loop voltage gain of op-amp versus frequency 


that the op-amp is capable of producing, while maintaining its linear charac- 
teristics. 
Slew rate is expressed in terms of 


difference in output voltage —§ AVour 
difference in time At 


Usually, slew rate is listed in terms of volts per microseconds. For example, 
if the output voltage from an op-amp is capable of changing 100 V in 1 ys, 
then the slew rate is 100. If, after compensation, the output changes to a 
maximum of 50 V in 1 ys, the new slew rate is 50. 

Slew rate of an op-amp is a direct function of the compensation capacity. 
At higher frequencies, the current required to charge and discharge the capac- 
itor can limit available current to succeeding stages or loads, and result in 
lower slew rates. (This is one reason why IC op-amp datasheets usually rec- 
ommend the compensation of early stages in the amplifier where signal 
levels are still small and little current is required.) 

The major effect of slew rate on design is in output power of the amplifier. 
All other factors being equal, a lower slew rate results in lower power output. 

Slew rate decreases as compensation capacitance increases. This is shown 
in the datasheet curve of Fig. 6-12. Therefore, where high frequencies are in- 
volved, the lowest value of compensation capacitor should be used. 

Figure 6-13 shows the minimum compensating capacitor value that can be 
used with different closed-loop gain levels. The curves of Fig. 6-13 are typical 
of those found on op-amp datasheets where slew rate is of particular im- 
portance. 
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6-3.2. Output Impedance 


Output impedance (Zoyz) is defined as the impedance seen by 
a load at the output of the op-amp. (See Fig. 6-14.) Excessive output imped- 
ance can reduce the gain since, in conjunction with the load and feedback 
resistors, output impedance forms an attenuator network. In general, output 
impedance of ICs used as op-amps is less than 200Q. Generally, input 
resistances are at least 1000 Q, with feedback resistance several times higher 
than 1000 Q. Thus, the output impedance of a typical IC op-amp has little 
effect on gain. 

If the op-amp Is serving primarily as a voltage amplifier (which is usually 
the case), the effect of output impedance is at a minimum. Output impedance 
has a more significant effect on design of power amplifiers that must supply 
large amounts of load current. ; 

Closed-loop output impedance is found by the equation of Fig. 6-14. Thus, 
it is seen that output impedance increases as frequency increases, since open- 
gain decreases. ; 


6-3.3. Input Impedance 


Input impedance (Z,,) is defined as the impedance seen by a 
source looking into one input of the op-amp, with the other input grounded. 
(See Fig. 6-15.) The primary effect of input impedance on design is to reduce 
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amplifier loop gain. Input impedance will change with temperature and fre- 
quency. Generally, input impedance is listed on the datasheet as 25°C and 
] kHz. 

If input impedance is quite different from the impedance of the device 
driving the op-amp, there is a loss of input signal due to the mismatch. How- 
ever, In practical terms, it is not possible to alter the input impedance of an 
IC op-amp. Thus, if impedance match is critical, either the /C or driving 
source must be changed to effect a match. 


6-3.4. Output Voltage Swing 


Output voltage swing (Voyr or P-P Voyr) is defined as the peak 
output voltage swing (referred to zero) that can be obtained without clipping. 
(See Fig. 6-16.) A symmetrical voltage swing is dependent upon frequency, 
load current, output impedance, and slew rate. Generally, an increase in 
frequency, load-current, and output impedance will decrease the possible 
output voltage swing. 

An increase in slew rate will increase possible output voltage swing capa- 
bilities. Since slew rate is related to compensation techniques (a high-value 
compensation capacitor reduces slew rate), output voltage swing is also 
related to compensation (a high-value compensation capacitor reduces output 
voltage swing at a given frequency). 
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+V (Peak) | 


= —V (Peak) 


Fig. 6-16 Output voltage swing relationships 


6-3.5. Bandwidth and Frequency Range 


Bandwidth of an op-amp is usually expressed in terms of open- 
loop operation. The common term is BWo, at —3 dB. (See Fig. 6-17.) For 
example, a BWo, of 300 kHz indicates that the open-loop gain of the op-amp 
drops to a value 3 dB below the flat or low-frequency level at a frequency of 
300 kHz. 

The frequency range of an op-amp is often listed as “useful frequency 
range” (such as direct current to 15 MHz). Useful frequency range for an 
op-amp Is similar to the f; term (Chapters 1 and 2) for discrete transistors. 
Generally, the high-frequency limit specified for an op-amp is the frequency 
at which gain drops to unity. 


Open-loop 
voltage 
gain 


Fig. 6-17 Bandwidth and open- 
300 kHz loop gain relationships 


6-3.6. Input Common-Mode Voltage Swing 


Input common-mode voltage swing (Vic) is defined as the 
maximum peak input voltage that can be applied to either input terminal of 
the op-amp without causing abnormal operation or damage. (See Fig. 6-18.) 
Some IC op-amp datasheets list a similar term: common-mode input voltage 
range (Veup). Usually, View is listed in terms of peak voltage, with positive 
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Fig. 6-18 Input common-mode voltage swing relationships 


and negative peaks being equal. Voy is often listed on positive and negative 
voltages of different value (such as +1 V and —3 V). 

In practical use, either of these parameters limit the differential signal 
amplitude that can be applied to the op-amp input. As long as the input signal 
does not exceed the Vicy or Vewg values (in either the positive or negative 
direction), there should be no problem. 

Note that some IC op-amp datasheets list “single-ended” input voltage 
signal limits, where the differential input is not to be used. 


6-3.7. Common-Mode Rejection Ratio 


When common-mode rejection ratio (CMR, CMRR, or 
CM,,;) is listed, the definitions of Sec. 5-3 apply. 


6-3.8. Input-Bias Current 


Input-bias current (J; or J,) is defined as the average value of 
the two input-bias currents of the op-amp differential input stage. (See Fig. 
6-19.) Input-bias current is a function of the large signal current gain of the 
input stage. 

In use, the only real significance of input-bias current is that the resultant 
voltage drop across the input resistors can restrict the input common-mode 
voltage range at higher impedance levels. The input-bias current produces 
a voltage drop across the input resistors. This voltage drop must be overcome 
by the input signal. 

Input-bias current decreases as temperature increases. 


hb 
Input-bias current = 5 


Fig. 6-19 Input-bias current 
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6-3.9. Input-Offset Current 


Input-offset current (/,,) is defined as the difference in input 
bias current into the input terminals of a differential op-amp. (See Fig. 6-20.) 
Input-offset current is an indication of the degree of matching of the input 
differential stage. 

When high impedances are used in design, input-offset current can be of 
greater importance than input-offset voltage. If the input bias current is dif- 
ferent for each input, the voltage drops across the input resistors (or input 
impedance) will not be equal. If the resistance is large, there is a large un- 
balance in input voltages. This condition can be minimized by means of a 
resistance connected between the noninverting (or +) input and ground, as 
shown in Fig. 6-21. The value of this resistor (R,) should equal the parallel 
equivalent of the input and feedback resistors (R, and R,), as shown by the 
equation. 


i 


L—> 


Input-offset current =/, —/, orl) —/, Fig. 6-20 Input-offset current 


R, R, 


Fig. 6-21 Minimizing input- 
offset current (and input-offset 
voltage) 


pie R, Ry 

R, +R, 

In practical design, the trial value for R; is based on the equation of Fig. 

6-21. Then the value of R, is adjusted for minimum voltage difference at both 
terminals (under normal operating conditions) but with no signal. 


6-3.10. Input-Offset Voltage 


Input-offset voltage (V;,) is defined as that voltage which must 
be applied at the input terminals to obtain zero output voltage. (See Fig. 6-22.) 
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Input-offset (with 
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Fig. 6-22 Input-offset voltage —~—~-—--—~-~- = 


Input-offset voltage indicates the matching tolerance in the differential-am- 
plifier stages. A perfectly matched amplifier requires zero input voltage to 
produce zero output voltage. Typically, input-offset voltage is on the order 
of | mV for an IC op-amp. 

The effect of input-offset voltage on design is that the input signal must 
overcome the offset voltage before an output is produced. For example, if an 
op-amp has a I-mV input-offset voltage and a I|-mV signal is applied, there is 
no output. If the signal is increased to 2 mV, the op-amp produces only the 
peaks. 

Input-offset voltage is increased by amplifier gain. In the closed-loop con- 
dition, the effect of input-offset voltage is increased by the ratio of feedback 
resistance to input resistance, plus unity (or 1). For example, if the ratio is 
100 to 1, the effect of input-offset voltage is increased by 101. 

Some IC op-amps include provisions to neutralize any offset. Typically, 
an external voltage is applied through a potentiometer to a terminal on the 
IC. The voltage is adjusted until the offset, at the input and output, is zero. 
However, since this is a special circuit, no general rules can be included con- 
cerning voltage or potentiometer values, or external connections. The data- 
sheet must be consulted. 

For an IC without offset compensation, the effects of input-offset voltage 
can be reduced by minimizing input-offset current, as described in Sec. 6-3.9 
and Fig. 6-21. 


6-3.77. Power-Supply Sensitivity 


Power-supply sensitivity (S-+ and S—) is defined as the ratio of 
change in input-offset voltage to the change in supply voltage producing it, 
with the remaining supply held constant. (See Fig. 6-23.) Some IC datasheets 
list a similar parameter: input-offset voltage sensitivity. In either case, the 
parameter is expressed in terms of millivolts per volt or microvolts per volt, 
representing the change (in millivots or microvolts) of input-offset voltage to 
a change (in volts) of one power supply. Usually, there is a separate sensitivity 
parameter for each power supply, with the opposite power supply assumed 
to be held constant. For example, a typical sensitivity listing is 0.1 mV/V 
for a positive supply. This implies that with the negative supply held constant, 
the input-offset voltage changes by 0.1 mV for each 1-V change in positive 
supply voltage. 
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Fig. 6-23 Power-supply sensitivity 


The effects of power-supply sensitivity (or input-offset voltage sensitivity) 
are obvious. If an op-amp has considerable sensitivity to power-supply varia- 
tions, overall performance is affected by each supply voltage change. The 
power-supply regulation must be increased to provide correct operation with 
minimum input signal levels. 


6-3.72. Average Temperature Coefficient of Input-Offset 
Voltage 


The parameter (7JCV,,) is dependent upon the temperature 
coefficients of various components within the op-amp. Temperature changes 
affect stage gain, match of differential amplifiers, and so on, and thus change 
input-offset voltage. | 

From a practical standpoint, TCV,, need be considered only if the parame- 
ter is large and the op-amp must be operated under extreme temperatures. 
For example, if input-offset voltage doubles with an increase to a temperature 
that is likely to be encountered during normal operation, the higher input- 
offset voltage should be considered as the “normal” value for design. 


6-3.73. Input-Noise Voltage 


There are many systems for measuring noise voltage in an op- 
amp, and equally as many methods used to list the value on datasheets. Some 
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datasheets omit the value entirely. In general, noise is measured with the 
op-amp in the open-loop condition, with or without compensation, and with 
the input shorted, or a fixed resistance load at the input terminals. 

The input and/or output voltage is measured with a sensitive voltmeter or 
oscilloscope. Input noise is in the order of a few microvolts, with output 
noise usually less than 100 mV. Output noise is almost always greater than 
input noise (because of the amplifier gain). 

Except where the noise value is very high, or the input signal is very low, 
amplifier noise can be ignored. Obviously, 10-yV noise at the input will mask 
a 10-yzV signal. If the signal is raised to 1 mV with the same op-amp, the noise 
will be unnoticed. 

Noise is temperature dependent, as well as dependent upon the method of 
compensation used. 


6-3.14. Power Dissipation 


An op-amp datasheet usually lists two power dissipation rat- 
ings. One value is the total device dissipation, which includes any load current. 
The other value is device dissipation (Pp or P;), which is defined as the direct- 
current power dissipated by the op-amp itself (with output at zero and no 
load). 

The device dissipation must be subtracted from the total dissipation to 
calculate the load dissipation. 

For example, if an IC op-amp can dissipate a total of 300 mW (at a given 
temperature, supply voltage, and with or without a heat sink), and the IC 
itself dissipates 100 mW, the load cannot exceed 200 mW (300 — 100 = 
200 mW). 


6-4. OP-AMP POWER SUPPLIES 


As a general rule, op-amps require connection to both a posi- 
tive and negative power supply. This is because most IC op-amps use one or 
more differential amplifiers in their circuits. When two power suppies are re- 
quired, the supplies are usually equal or symmetrical (such as +9 and —9 V, 
+20 and —20 V). This is the case with the IC op-amp of Fig. 6-24 which nor- 
mally operates with +18 and —18 V. A few IC op-amps use unsymmetrical 
power supplies (+9 and —4.5 V, for example), and there are IC op-amps 
that require only a single supply. However, such cases are the exception. And, 
in some cases, it is possible to operate an IC op-amp (that normally requires 
two supplies) from a single supply by means of special circuits (external to 
the IC), as discussed in later sections. 
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6-4.1. Labeling of Integrated-Circuit Op-Amp Power Supplies 


Unlike most discrete transistor circuits, where it is usual to 
label one power supply lead positive and the other negative without specify- 
ing which (if either) is common to ground, it is necessary that all IC op-amp 
power-supply voltages be referenced to a common or ground (which may or 
may not be physical or equipment ground). 

Integrated circuit manufacturers do not agree on power-supply labeling. 
For example, the circuit of Fig. 6-24 uses V+ to indicate the positive voltage, 
and V— to indicate the negative voltage. Another manufacturer might use 
the symbols Voce and Vg, to represent positive and negative, respectively. 
The IC datasheet must be studied carefully before applying any power source. 


6-4.2. Typical Integrated-Circuit Op-Amp Power-Supply 
Connections 


Figure 6-25 shows typical power-supply connections for an IC 
op-amp. The protective diodes shown are recommended for any power sup- 
ply circuit where the leads could be accidently reversed. The diodes permit 
current flow only in the appropriate direction. The op-amp requires two 
power sources (of 18 V each) with the positive lead of one and the negative 
lead of the other tied to ground or common. 

The two capacitors provide for decoupling of the power supply (signal 
bypass). Usually, disc ceramic capacitors are used. The capacitors should 
always be connected as close to the IC terminals as practical, not at the power 
supply terminals. A guideline for IC op-amp power-supply decoupling capa- 
citors is to use values between 0.1 and 0.001 ywF. 
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Fig. 6-25 Typical power-supply connections for IC op-amps 


6-4.3. Grounding Metal Integrated-Circuit Cases 


The metal case of the IC op-amp shown in Fig. 6-25 Is con- 
nected to terminal 9, and to no other point in the internal circuit. Thus, terminal 
9 can and should be connected to equipment ground, as well as to the com- 
mon or ground of the two power supplies. 

The metal case of some ICs may be connected to a point in the internal 
circuit. If so, the case will be at the same voltage as the point of contact. For 
example, the case might be connected to pin 4 of the IC shown in Figs. 6-24 
and 6-25. If so, the case will be below ground (or “hot”) by 18 V. If the case 
is mounted directly on a metal chassis at ground, the IC and power supply 
can be damaged. Of course, not all ICs have metal cases. Likewise, not all 
metal cases are connected to the internal circuits. However, this point must be 
considered before connecting a particular IC op-amp. 


6-4.4. Calculating Current Required for Integrated-Circuit 
Op-Amps 


The datasheets for IC op-amps usually specify a nominal 
operating voltage (and possibly a maximum operating voltage), as well asa 
“total device dissipation.” These figures can be used to calculate the current 
required for a particular IC op-amp. Use simple dc Ohm’s law, and divide 
the power by the voltage to find the current. However, certain points must 
be considered. 

First, use the actual voltage applied to the IC op-amp. The actual voltage 
should be equal to the nominal operating voltage, but in no event higher 
than the maximum voltage. 
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Second, use the total device dissipation. The datasheet may also list other 
power dissipations, such as “device dissipation,” which is defined as the dc 
power dissipated by the IC itself (with output at zero and no load). The other 
dissipation figures are always less than the total power dissipation. 


6-4.5. Operating Integrated-Circuit Op-Amps from 
a Single Power Supply 


An IC op-amp Is generally designed to operate from symmet- 
rical positive and negative power supplies. This results in a high common- 
mode rejection capability, as well as good low-frequency operation (typically 
a few hertz down to direct current). 

If the loss of very low frequency operation can be tolerated, it is possible 
to operate IC op-amps from a single power supply, even though designed for 
dual supplies. Except for the low-frequency loss, the other operating charac- 
teristics are unaffected. 

The following notes describe a technique that can be used with most IC 
op-amps to permit operation from a single power supply with a minimum of 
design compromise. The same maximum device ratings that appear on the 
datasheet are applicable to the IC when operating from a single polarity 
power supply and must be observed for normal operation. Likewise, all the 
considerations discussed thus far in this chapter apply to single-supply opera- 
tion. 

The technique described here is generally referred to as the split-zener 
method. The main concern in setting up for single-supply operation is to main- 
tain the relative voltage levels. With an IC op-amp designed for dual-supply 
operation, there are three reference levels: +V, 0, and —V. For example, if 
the datasheet calls for plus and minus 10-V supplies, the three reference 
levels are +10 V, 0 V, and —10 V. 

For single-supply operation, these same reference levels can be maintained 
by using ++V, + V, and ground (that is +20 V, +10 V and 0 V), where 
+-+V represents a voltage level double that of +V. This is illustrated in Fig. 
6-26 where the IC is connected in the split-zener mode. Note that there is no 
change in the re/ative voltage levels. 

Note that the IC of Fig. 6-26 has a ground reference terminal (terminal 3). 
Not all IC op-amps have such terminals. Some ICs have only +V and —V 
terminals or leads, even though the two levels are referenced to a common 
ground. That is, there is no physical ground terminal or lead on the IC, only 
+V and —V terminals. Figure 6-27 shows the split-zener connections for 
single-supply operation with such ICs. Here, the input terminals (A and B) 
are set at one half the total zener supply voltage, the — V terminal is set at 
ground, and the +V terminal is at the full zener voltage (+20 V). 
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Fig. 6-26 Connections for single-power-supply operation (with 
ground reference) 


Both Figs. 6-26 and 6-27 show a series resistance Rs for the zener diodes. 
This is standard practice for zener operation. The remaining component 
values are the same as for dual-supply operation. 

The normal IC op-amp frequency-compensation techniques are the same 
for both types of supplies. The high-frequency limits are essentially the same. 
However, the low-frequency limit of an IC with a single supply is set by the 
values of capacitors C; and C,. These capacitors are not required for dual- 
supply operation. Capacitors C, and C, are required for single-supply opera- 
tion since both the input and output of the IC are at a voltage level equal to 
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Fig. 6-27 Connections for single-supply operation (without ground 
reference) 


one-half the total zener voltage (or 10 V). Thus, the IC op-amp cannot be used 
as a dc amplifier with the single-supply system. 

The closed-loop gain is the same for both types of supplies, and is set by 
the ratio of R;/R,. It may be necessary to use slightly larger values of C, and 
C, with the single-supply system, since the impedance of the zeners is proba- 
bly different than that of the power supply (without zeners). 

The value of R, is typically 50 to 100 kQ for an IC op-amp. From a prac- 
tical standpoint, choose trial values using these guidelines, and then run gain 
and frequency-response tests. The value of R,, the input-offset resistance, is 
chosen to minimize offset error due to impedance unbalance. As an approxi- 
mate trial value, the resistance of R, should be equal to the parallel com- 
bination of R, and R;. That is, R, is approximately equal to R,R;/(R, + R3). 
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6-5. TYPICAL INTEGRATED-CIRCUIT OP-AMP 
CIRCUIT DESIGN 


Figure 6-28 is the working schematic of an IC closed-loop op- 
amp, complete with external circuit parts. The design considerations discussed 
in all previous sections of this chapter are applicable to the circuit of Fig. 
6-28. The following paragraphs provide a specific design example for the cir- 
cuit. 


6-5.1. Integrated-Circuit Characteristics 


The IC shown in Fig. 6-28 has the following characteristics 
listed in its datasheet: 


Supply voltage: +10 and —10 V maximum, +6 and —6 V nominal 
Total device dissipation: 600 mW, derating 5 mW/°C 

Temperature range: —55 to + 125°C (operating) 

Input-offset voltage: 1 mV 

Input-offset current: 0.5 wA 

Input-offset voltage sensitivity: 0.25 mV/V 


= Cy = 0.1 — 0.001 pF 
Ry 


C, 
Vout ~ Vin X Re 


Fig. 6-28 Typical IC closed-loop is Ai, Ro 
Oop-amp : R, +R, 
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Device dissipation: 100 mW 

Open-loop voltage gain: 60 dB 

Open-loop bandwidth: 300 kHz 

Common-mode rejection: 100 dB 

Maximum output voltage swing: 7 V (peak-to-peak) 
Input impedance: 15 kQ 

Output impedance: 200 2 

Useful frequency range: dc to 15 MHz 

Maximum input signal: +1, —4V 


6-5.2. Design Example 


Assume that the circuit of Fig. 6-28 is to provide a voltage 
gain of 100 (40 dB), the input signal is 10 mV (rms), the input source imped- 
ance is not specified, the output load impedance is 100 Q, the ambient 
temperature is 25°C, the frequency range is direct current to 200 kHz, and 
the power supply is subject to 10 per cent variation. 

Note that the frequency and phase-compensation components and values 
are omitted from Fig. 6-28. As discussed in Sec. 6-2, the compensation meth- 
od and values found on the IC datasheet must be used. Even these datasheet 
values should be confirmed by frequency-response test of the final circuit. If 
no compensation values are available, use the guideline values found in Sec. 
6-2, and test the results over the frequency range of interest. 

Supply voltage. The positive and negative supply voltages shoud both be 
6 V, since this is the nominal value listed. Most IC datasheets will list certain 
characteristics as maximum (temperature range, total dissipation, maximum 
supply voltage, maximum input signal), and then list the remaining charac- 
teristics as “typical” with a given “nominal” supply voltage. 

In no event can the supply voltage exceed the 10-V maximum. Since the 
available supply voltage is subject to 10 per cent variation, or 6.6-V maximum, 
it is well within the 10-V limit. 

Decoupling or bypass capacitors. The values of C, and C, should be found 
on the datasheet. In the absence of a value, use 0.] wF for any frequency up 
to 10 MHz. If this value produces a response problem at any frequency 
(high or low), try any value between 0.00] and 0.1 uF. 

Closed-loop resistance. The value of R, should be 100 times the value of R, 
to obtain the desired gain of 100. The value of R, should be selected so that 
the voltage drop across R, (with the nominal input bias current) is compar- 
able with the input signal (never larger than the input signal). A 100-Q value 
for R, produces a 0.5 mV drop with the nominal 5-wA bias current. Such a 
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0.5-mV drop ts less than 10 per cent of the 10-mV input signal. Thus, the 
fixed drop across R, should have no appreciable effect on the input signal. 
With a 100-Q value for R,, the value of R, must be 10 kQ (100 x 100 gain 
== 10 kQ). 

Offset minimizing resistance. The value of R,; is found using the equation 
of Fig. 6-28, once the values of R, and R, are established. Note that the value 
of R; works out to about 99 Q, using the Fig. 6-28 equation: 


R,R, 100 x 10,000 __ 
R, + R; ~ 100-+ 10,000 ~ 77% 

Thus, a simple frial/ value for R, is always slightly less than the R, value. 
The final value of R, should be such that the no-signal voltages at both in- 
puts are equal. 

Comparison of circuit characteristics. Once the values of the external circuit 
components have been selected, the characteristics of the IC and the external 
closed-loop circuit should be checked against the requirements of the design 
example. The following is a summary of the comparison. 

Gain. The closed-loop gain should always be less than the open-loop gain. 
The required closed-loop gain is 100 (40 dB) at a frequency up to 200 kHz. 
That is, the closed-loop circuit should have a flat frequency response of 40 dB 
to at least 200 kHz. The open-loop gain is 60 dB, dropping 3 dB down at 
300 kHz. Thus, the closed-loop gain is well within tolerance. 

Input voltage. The peak input voltage must not exceed the rated maximum 
input signal. In this case, the rated maximum is +1 and —4 V, whereas the 
input signal is 10 mV rms or approximately 14 mV (peak). This is well below 
the +1-, —4-V maximum limit. 

When the rated maximum input signal is an uneven positive and negative 
value, always use the lowest value for total swing of the input signal. In this 
case, the input swings from +14 to —14 V. An input signal that started from 
zero could swing as much as and +1 V without damaging the IC. An input 
signal that started from —2 V could swing as much as +2 V (from Zero to 
—4V). 

Output voltage. The peak-to-peak output voltage must not exceed the 
rated maximum output voltage swing (with the required input signal and se- 
lected amount of gain). 

In this case, the rated maximum output is 7 V P-P, whereas the actual 
output is approximately 2800 mV (10 mV rms input = 28 mV P-P x gain 
of 100 = 2800 mV P-P output). Thus, the anticipated output should be well 
within the rated maximum. 

With a gain of 100, the input could go as high as 70 mV P-P (25 mV rms). 

Output impedance. Ideally, the closed-loop output impedance should be as 
low as possible, and always less than the load impedance. The closed-loop 
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output impedance can be found using the equation of Sec. 6-3.2. In this case, 
the output impedance is 


200 
1 + 1000 x 


100 , OF approximately 20Q 


100 + 10,000 


Output power. The output power of an IC op-amp is usually computed on 
the basis of rms output voltage and output load. 

In this case, the output voltage is 1 V rms (10 mV x 100 gain = 1000 mV 
or | V). The load resistance or impedance is 100 Q, as stated in the design 
assumption. Thus, the output power is 

E* 1 2 


Since the IC dissipation is 100 mW and the total device dissipation is 600 
mW, a 10-mW output is well within tolerance. If the case temperature is 
maintained at 25°C, it is possible to have a 500-mW power output. 


6-6. INTEGRATED-CIRCUIT OP-AMP APPLICATIONS 


In this section we discuss a few of the many applications for 
the basic IC op-amp. The reader will note that the power supply and phase/ 
frequency compensation connections are omitted from the schematics in this 
section. In all the applications it is assumed that the IC is connected to a 
power source as described in Sec. 6-4. Likewise, it is assumed that a suitable 
phase/frequency compensation scheme has been selected for the IC, as de- 
scribed in Sec. 6-2. Unless otherwise stated, all the design considerations for 
the basic IC op-amp described thus far in this chapter apply to each applica- 
tion. 

Before going into specific applications, we shall discuss some basic IC op- 
amp characteristics that are related to all applications. These characteristics 
include the virtual-ground concept, overload protection, and dc stabilization. 


6-6.7. Virtual-Ground Concept 


When the positive input of an op-amp is grounded, a concept 
of virtual ground is applied to the negative input. (See Fig. 6-29.) Actually, 
the dc level at the negative input of an op-amp is very close to ground. When 
an input signal is applied, the signal tends to move the base away from 
ground. However, the negative feedback from the output of the amplifier 
resists this tendency. 
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Fig. 6-29 Theoretical feedback circuit and gain equation for op-amp 
showing virtual ground concept 


The amount that the negative input voltage varies with a signal depends 
on the open-loop gain of the amplifier; the higher the gain, the less the nega- 
tive input voltage varies. This is the same for any feedback amplifier, as de- 
scribed in previous chapters. (An increase in feedback decreases distortion.) 

With the high open-loop gain normally found in an op-amp, the negative 
input voltage varies only slightly under closed-loop conditions. It is con- 
venient to assume that for all practical purposes the negative input voltage 
does not change with signal. Thus, it appears as though the negative input is 
grounded. The term virtual ground is used to indicate that although the input 
of the amplifier appears grounded it is actually not. (Many equations for the 
functions performed by an op-amp can be derived most easily by the use of 
the virtual-ground concept.) 

It should be noted that since a virtual ground exists at the negative input, 
the input impedance of the amplifier is essentially determined by the value of 
the Z,; component. For example, when an op-amp 1s used in laboratory test 
equipment, the input component is typically a 50-Q resistor. Thus, the source 
sees 50 Q, no matter what signal level is applied to the input. 


6-6.2. Direct-Current Stability and Zero Correction 


Since most op-amps are direct coupled, they are subject to var- 
ious form of drift. For example, a dc amplifier cannot tell the difference 
between a change in the supply voltage or a change in the signal voltage. Be- 
cause of the instability problems, many op-amps have a zero correction cir- 
cuit (in addition to the chopper stabilization circuit discussed in Chapter 4). 
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Fig. 6-30 Zero-correction circuit for an op-amp 


Generally, the zero correction circuit is external to the op-amp, but can be 
made part of the internal circuit if desired. 

In theory, the output voltage of an op-amp depends on the ratio of input 
and feedback resistors, as well as the input voltage. If the input voltage is 
zero, the output voltage will be zero. In practice, however, it will be found 
that there is a small, unwanted drift voltage, which appears at the amplifier 
output terminals, even when the input terminals are short circuits (no signal). 
With solid-stage op-amps, the offset voltage may amount to tens of millivolts, 
and often comes from transistor leakage currents or static charges. 

The undesired voltage (often referred to as zero offset) has both a truly 
random component (very low frequency noise) and a component that is 
temperature sensitive. The temperature-dependent component can be taken 
care of easily by injecting an extremely small offset voltage or current into 
the input circuit, which cancels the internally generated offset (or offset due 
to poor design). The zero-correction circuit of Fig. 6-30 is used with an op- 
amp that is part of a laboratory instrument. 


6-6.3. Overload Protection for Op-Amps 


Op-amps are often provided with overload-protection circuits. 
This prevents damage to the transistors, which can occur on overloads due 
to saturation. The protection also prevents the various ac coupling capacitors 
(if any) from charging up. Such capacitors are usually large enough in value 
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Fig. 6-31 Overload protection circuit for an op-amp 


to ensure good low-frequency response. If these capacitors become fully 
charged, the transient recovery time of the amplifier is long. With proper 
overload protection, recovery time can be kept to about 20 ys for a typical 
solid-state op-amp. 

Figure 6-31 is the overload protection circuit for a typical op-amp. Input 
diodes CR,,;, and CR,,, prevent the input voltage from ever exceeding 
+0.6 V, thus protecting the input transistors from being destroyed. Zener 
diodes CR;,, and CR;,, have nominal breakdown voltages of 10 V, so that 
whenever the input signal exceeds about +11.8 V either CR;,, or CR3o. will 
exhibit zener breakdown at about 10 V. Feedback current from the output 
terminal cannot flow back to the input unless one of CR3,, or CR3,;; and one 
of CR,,, or CR,,, are also turned on. Thus, when the output voltage reaches 
11.8 V (10 + 0.6 + 0.6 + 0.6), large amounts of current from the output 
terminal are available to oppose the incoming overload current, and keep 
the entire op-amp from going into saturation. 

CR ;,,,and CR,,. cannot be used alone since the reverse leakage of these 
zener diodes will feed input currents on the order of 1 wA directly into the 
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input. The remaining four diodes (CR251, CR292, CR314, andCR 3,;,;) and re- 
sistors R,,, and R;,, shunt the normal zener-diode reverse leakage current to 
ground. 


6-6.4. Op-Amp Summing Amplifier (Adder) 


Figure 6-32 is the working schematic of an IC op-amp used as 
a summing amplifier (or analog adder). Summation of a number of voltages 
can be accomplished using this circuit. (Voltage summation was one of the 
original uses for operational amplifiers in computer work.) The output of 
the circuit is the sum of the various input voltages (a total of four in this 
case), multiplied by any circuit gain. Generally, gain is set so that the output 
is at Some given voltage value, when all inputs are at their maximum value. 
In other cases, the values are selected for unity gain. 
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Fig. 6-32 Summing amplifier using op-amp 


6-6.5. Op-Amp Scaling Amplifier (Weighted Adder) 


Figure 6-33 is the working schematic of an IC op-amp used as 
a scaling amplifier or weighted adder. A scaling amplifier is essentially the 
same aS a summing amplifier, except that the inputs to be summed are 
weighted or compensated to produce a given output range, or a given rela- 
tionship between inputs. 


Sec. 6-6 Integrated-Circuit OP-AMP Applications 335 


Rr 


Vout -|F Mt Re v5 | 
R, Enom = < 0.1 x minimum signal across A, 
R2aE\om = < 0.1 x minimum signal across A, 


R, = Ry x scale factor 
/, +/, = input bias of IC 
. 1 
1 aes i 
R, Fo R;, 
R,- =R, x desired gain of V, 
0.1 x minimum V, input 
R, = a aa 
1 
_ 0.1 x minimum V, input 
ly 


R, 


Fig. 6-33 Scaling amplifier (weighted adder) using op-amp 


For example, assume that there are two inputs to be summed, and that one 
input has a nominal voltage range five times that of the other. Now assume 
that it is desired to have the output voltage range be the same for both inputs. 
This can be done by making the input resistance for the low voltage input 
one fifth the value of the high input resistance. Since the feedback resistance 
is the same for both inputs, and gain (or output) is set by the ratio of feed- 
back-to-input resistance, the low input is multiplied five times as much as the 
high input. Thus, the output range is the same for both inputs. 

In other cases, a scaling amplifier is used to make two equal inputs produce 
two outputs of different voltage ranges. Likewise, the scaling amplifier can 
be weighted so that two unequal inputs are made more (or less) unequal by a 
given scale factor. For example, if the inputs are normally 7 to 1, they can 
be made 3 to 1, 8 to 1, or any practical value within the limits of the IC op- 
amp. 


6-6.6. Op-Amp Difference Amplifier 


Figure 6-34 is the working schematic of an IC op-amp used as 
a difference amplifier and/or subtractor. One signal voltage is subtracted 
from another through simultaneous applications of signals to both inputs. 
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If the values of all resistors are the same, the output is equal to the voltage 
at the positive (noninverting) input, /ess the voltage at the negative (inverting) 
input. The output also represents the difference between the two input volt- 
ages. Thus, the same circuit can be used as a subtractor or difference am- 
plifier. 

Generally, all resistors (R, through R,) are made the same value when the 
circuit is to be used as a subtractor. Using all four resistors of the same value 
provides the greatest accuracy. 

When some gain is required, the circuit is usually considered as a difference 
amplifier (rather than a subtractor). The gain is directly proportional to the 
ratio of R,/R,. Under these conditions, the output is approximately equal to 
the algebraic sum (or difference) of the gains for the two input voltages, as 
shown by the equation of Fig. 6-34. 


6-6.7. Op-Amp Unity-Gain Amplifier (Voltage Follower 
or Source Follower) 


Figure 6-35 is the working schematic of an IC op-amp used as 
a unity-gain amplifier (also known as a voltage follower or a source follower). 
There are no feedback or input resistances in the circuit. Instead, the output 
is fed back directly to the inverting input. Signal input is applied directly to 
the noninverting input. With this arrangement, the output voltage equals the 
input voltage (or may be slightly less than the input voltage). However, the 
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input impedance is very high, with the output impedance very low (as shown 
by the equations of Fig. 6-35). 


6-6.8. Op-Amp High-Input-lmpedance Amplifier 


Figure 6-36 is the working schematic of an IC op-amp used as a 
high-input-impedance amplifier. The high-input-impedance and low-output- 
impedance features of the unity-gain amplifier (Sec. 6-6.7) are combined with 
modest gain. 

Note that the circuit of Fig. 6-36 is similar to the basic op-amp, except that 
there is no input offset compensating resistance (in series with the nonin- 
verting input). This results in a tradeoff of higher input impedance, with some 
increase in the output-offset voltage. In the basic op-amp, an offset compen- 
sating resistance is used to nullify the input-offset voltage of the IC. This 
(theoretically) results in no offset at the output. The output of the basic op- 
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Fig. 6-36 High input impedance amplifier using op-amp 
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amp is at 0 V, in spite of the tremendous gain. In the unity-gain amplifier 
there is no offset compensating resistance, but, since there is no gain, the 
output is at the same offset as the input. Typically, input offset is on the 
order of | mV. This figure should not be critical for the output of a typical 
unity-gain-amplifier application. 

With the circuit of Fig. 6-36, the offset compensation resistance is omitted. 
The output is therefore offset by an amount equal to the input-offset voltage 
of the IC multiplied by the closed-loop gain. However, since the circuit of 
Fig. 6-36 is to be used for modest gains, a modest output offset results. 


6-6.9. Op-Amp Unity-Gain Amplifier with Fast Response 
(Good Slew Rate) 


One of the problems with a unity-gain amplifier is that the 
slew rate is very poor. That is, the amplifier response time is very slow, and 
the power bandwidth is decreased, as discussed in Sec. 6-3.!1 The reason for 
poor slew rate with unity gain is that most IC datasheets recommend a large 
value compensating capacitor for unity gain. For example, a typical datasheet 
recommendation for compensating capacitance is 0.01 wF (with a gain of 
100). All other factors being equal (but with unity gain), the same datasheet 
recommends a compensating capacitance of | uF. 

There are several methods used to provide fast response time (high slew 
rate) and a good power bandwidth with unity gain. Two such methods are 
summarized here. 
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Using integrated-circuit datasheet phase compensation. The circuit of Fig. 
6-37 shows a method of connecting an IC op-amp for unity gain, but with 
high slew rate (fast response time and good power bandwidth). With this 
circuit, the phase compensation recommended on the IC op-amp datasheet 
is used, but with modification. Instead of using the unity-gain compensation 
(usually a high-value compensating capacitor), use the datasheet phase com- 
pensation recommended for a gain of 100 (generally a much lower value 
capacitor). Then select values of R, and R, to provide unity gain. That is, 
R, and R,; must be the same value. As shown by the equations, the value of 
R, and R,; must be approximately 100 times the value of R, (when the data- 
Sheet phase compensation for a gain of 100 is chosen). Thus, R, and R; must 
be fairly high values for practical purposes. 

Using input phase compensation. The circuit of Fig. 6-38 shows a method of 
connecting an IC op-amp for unity gain, but with high slew rate, using input 
compensation. With this circuit, the phase compensation recommended on 
the IC datasheet is not used. Instead, the input phase compensation system 
of Sec. 6-2.3 is used. 
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The first step is to compensate the op-amp by modifying the open-loop 
input impedance, as described in Sec. 6-2.3. 

Next, select values of R, and R, to provide unity gain (both R, and R,; 
must be the same value). Using the equations of Fig. 6-38, the values of R; 
and R, should be approximately one-fourth the value of R, (and R;). As- 
Suming that the values of R, and R; are 43 kQ (using the example of Sec. 
6-2.3), 10 kQ is a good trial value for R, and Rp. 


6-6.70. Op-Amp Narrow Bandpass Amplifier 


Figure 6-39 is the working schematic of an IC op-amp used as 
a narrow bandpass amplifier (or tuned peaking amplifier). 
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Fig. 6-39 Narrow bandpass amplifier (tuned peaking) using op-amp 


Circuit gain is determined by the ratio of R, and R, in the usual manner. 
However, the frequency at which maximum gain occurs (or the narrowband 
peak) is the resonant frequency of the L,C, circuit. Capacitor C,and induct- 
ance L, form a parallel-resonant circuit that rejects the resonant frequency. 
Therefore, there is minimum feedback (and maximum gain) at the resonant 
frequency. 


6-6.17. Op-Amp Wide Bandpass Amplifier 


Figure 6-40 is the working schematic of an IC op-amp used as 
a wide bandpass amplifier. 
Maximum circuit gain is determined by the ratio of Rz and Ry. That is, the 
gain of the passband or flat portion of the response curve is set by R,p/Re. 
Minimum circuit gain is determined by the ratio of R,; and R, in the usual 
manner. 
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Fig. 6-40 Wide bandpass amplifier using op-amp 


The frequencies at which rolloff starts and ends (at both high- and low- 
frequency limits) are determined by impedances of the various circuit com- 
binations, as shown by the equations of Fig. 6-40. 

Note that if phase compensation is required for the basic IC op-amp the 
compensation values must be based on the minimum gain, and not on the 
passband gain. 


6-6.712. Op-Amp Integration Amplifier 


Figure 6-41 is the working schematic of an IC op-amp used as 
an integration amplifier (or integrator). Integration of various signals (usual- 
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Fig. 6-41 Integration amplifier (integrator) using op-amp 


ly squarewaves) can be accomplished using this circuit. The output voltage 
from the amplifier is inversely proportional to the time constant of the feed- 
back network, and directly proportional to the integral of the input voltage. 

The value of R, is chosen on the basis of input bias current and voltage 
drop. The value of the R,C, time constant must be approximately equal to 
the period of the signal to be integrated. The value of the Ryauat Cp time con- 
stant must be substantially larger than the period of the signal to be integrated 
(approximately 10 times longer). Thus, Ryyyp, is 10 times R,. 

Keep in mind that R,,,,, and C, form an impedance which is frequency 
sensitive (that is, most noticed at low frequencies). 


6-6.73. Op-Amp Differentiation Amplifier 


Figure 6-42 is the working schematic of an IC op-amp used as 
a differentiation amplifier (or differentiator). Differentiation of various sig- 
nals (usually squarewaves, or sawtooth and sloping waves) can be accom- 
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Fig. 6-42 Differentiation amplifier (differentiator) using op-amp 


plished using this circuit. The output voltage from the amplifier is inversely 
proportional to the time rate of change of the input voltage. 

The value of the R,C, time constant should be approximately equal to the 
period of the signal to be differentiated. In practical applications, the time 
constant must be chosen on a trial-and-error basis to obtain a reasonable 
output level. 

The main problem in design of differentiating amplifiers is that the gain 
increases with frequency. Thus, differentiators are very susceptible to high- 
frequency noise. The classic remedy for this effect is to connect a small re- 
sistor (on the order of 50 Q) in series with the input capacitor so that the 
high-frequency gain is decreased. The addition of the resistor results in a 
more realistic model of the differentiator, because a resistance is always added 
in series with the input capacitance by the signal source impedance. 

Conversely, in some applications a differentiator may be advantageously 
used to detect the presence of distortion or high-frequency noise in the signal. 
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A differentiator can often detect hidden information that is not detected in 
the original signal. 

Differentiation permits slight changes in input slope to produce very sig- 
nificant changes in output. An example of this feature is in determining the 
linearity of a sweep sawtooth waveform. Nonlinearity results from changes 
in slope of waveform. Therefore, if nonlinearity is present, the differentiated 
waveform (amplifier output) indicates the points of nonlinearity quite clearly. 
(However, it should be noted that repetitive waveforms with a rise and fall 
of differing slopes can show erroneous waveforms.) 


6-6.14. Op-Amp Voltage-to-Current Converter 


Figure 6-43 is the working schematic of an IC op-amp used 
as a voltage-to-current converter (or transadmittance amplifier). This circuit 
is used to supply a current (to a variable load) that is proportional to the 
voltage applied at the input of the amplifier (rather than proportional to the 
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Fig. 6-43 Voltage-to-current converter using op-amp 
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load). The current supplied to the load 1s relatively independent of the load 
Characteristics. This circuit is essentially a current feedback amplifier. 

Current sampling resistor R is used to provide the feedback to the positive 
input. When R,, R,, R;, and R, are all the same value, the feedback main- 
tains the voltage across R at the same value as the input voltage. When R, is 
made larger than R,, the voltage across R remains constant at a value equal 
to the ratio R,/R,. 

If a constant input voltage is applied to the amplifier, the voltage across R 
also remains constant, regardless of the load (with close tolerances). If the 
voltage across R remains constant, the current through R must also remain 
constant. With R,; and R, normally much larger than the load impedance, 
the current through the load remains nearly constant, regardless of a change 
in impedance. 

The most satisfactory configuration for the circuit of Fig. 6-43 is where the 
op-amp Is operated as a unity-gain amplifier with the values of R, through R, 
all the same. This requires that the input voltage be sufficient to produce the 
desired current (or power) for the load. If the input voltage or signal is not 
sufficient, the values of R, and R, must be selected to provide the necessary 
gain. 

The value of R must be selected to limit the output power to a value within 
the capability of the op-amp. Output power is found by J? x (R + load). 
For example, if the IC op-amp is rated at 600-mW total dissipation, with 
100-mW dissipation for the basic IC, the total output power must be limited 
to 500 mW. As a guideline, make the value of R approximately one tenth the 
load. 


6-6.75. Op-Amp Voltage-to-Voltage Amplifier 


Figure 6-44 is the working schematic of an IC op-amp used as 
a voltage-to-voltage converter (voltage-gain amplifier). This circuit is similar 
to the voltage-to-current converter (Sec. 6-6.14), except that the load and the 
current sensing resistor are transposed. The voltage across the load is rela- 
tively independent of the load characteristics. 

The most satisfactory configuration for the circuit of Fig. 6-44 is where the 
IC is operated as a unity-gain amplifier with the values of R, through R, all 
the same. This requires that the input voltage be sufficient to produce the 
desired current (or power) for the load. If the input voltage or signal is not 
sufficient, the values of R, and R, must be selected to provide the necessary 
gain. 

The value of R must be selected to limit the output power to a value within 
the capability of the IC, as is the case for the voltage-to-current converter. 
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6-6.76. Op-Amp Parallel-T Filter 


Figure 6-45 is the working schematic of an IC op-amp used as 
a low-frequency filter. The operating principle involved is similar to that of 
a parallel-T oscillator. However, the function is that of a narrowband filter 
(tuned peaking amplifier) described in Sec. 6-6.10. The filter circuit described 
in Sec. 6-6.10 uses an inductance as part of the resonant circuit. At very low 
frequencies, the high values of inductance (and capacitance) required make 
a circuit similar to that of Sec. 6-6.10 impractical. Thus, for low frequencies, 
the parallel-T (or twin-T as it is sometimes called) filter is generally a better 
choice. 

In the circuit of Fig. 6-45, gain is set by open-loop gain of the op-amp. 
For this reason, the parallel-T filter is somewhat less stable than the tuned 
filter. 

The frequency at which maximum gain occurs (or narrowband peak) is 
set by values of R and C. Any combination of R and C can be used, provided 
that they work out to the desired frequency. However, the value of R should 
be selected on the basis of the load resistance (or load impedance). The value 
of R and the load are, in effect, in parallel. If the value of R is many times (at 
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Fig. 6-45 Low-frequency parallel-T (twin-T) filter using op-amp 


least 10) that of the load, the net parallel resistance is just slightly less than 
the load. Thus, the output current requirements for the op-amp are increased 
only slightly (for a given voltage). 


6-6.17. Op-Amp Log and Antilog Amplifiers 


Figure 6-46 is the working schematic of an IC op-amp used as 

a log (logarithmic) amplifier. A log amplifier is nonlinear so that a large input 
variation produces only a small output variation. This is shown by the curve 
of Fig. 6-47, where the input varies from 1 mV to 100 V, but produces an 
output variation from about 350 to 640 mV (an approximate 300-mV output 
swing). Note that the output appears as a straight line on Fig. 6-47, since the 
horizontal lines represent logarithmic variations (5 decades in this case). 
The amplifier of Fig. 6-46 compresses the 5 decades of information into a 
small output swing. One circuit requiring such a log amplifier is a display 
which reads out data that span many orders of magnitude in a single range. 
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Fig. 6-46 Logarithmic amplifier using op-amp 
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An NPN transistor is used when the input is positive. A negative input re- 
quires a PNP, as shown in Fig. 6-46. 

The circuit uses the base-emitter junction of a transistor to provide the 
logarithmic response. The principle of operation relies on the exponential 
relationship of the base-emitter voltage and collector current of the transis- 
tor. All transistors do not exhibit good logarithmic characteristics, so care 
must be taken in selecting the proper transistor. Likewise, since the transistor 
junction is temperature sensitive, the amplifier response is also subject to 
temperature variations. 

Capacitor C, across the feedback transistor is necessary to reduce the ac 
gain (and thus reduce noise pickup). Use a value of 0.1 wF for C, at frequen- 
cles up to about 10 MHz. The diode CR, protects the transistor against ex- 
cessive reverse base-emitter voltages, should the polarity of the input voltage 
be reversed accidentally. 

A log amplifier generally requires an IC that has provisions for neutra- 
lizing input offset voltage (Sec. 6-3.10). The effects of offset voltage are noticed 
at the low limit of the input range. This is shown in Fig. 6-48. 
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Fig. 6-48 Effects of improper offset adjustment on logarithmic amplifier 


If an IC op-amp without input-offset provisions must be used, it is possible 
to provide offset neutralization with the circuit of Fig. 6-49. This circuit uses 
the available values of V-- and V,,, and provides both coarse and fine neutral- 
ization of the input-offset voltage. 

The circuit of Fig. 6-49 also provides for neutralization or compensation 
of the input bias current. As a rule, an IC op-amp with the lowest possible 
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Fig. 6-50 Antilogarithmic amplifier using op-amp 
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input bias current is best for log amplifiers. This permits operation with low 
input signal voltages. 

Figure 6-50 is the working schematic of an IC op-amp used as an antilog 
amplifier. The antilog amplifier is the complement of a log amplifier (the 
transistor is in the input circuit rather than as the feedback element). In an 
antilog circuit, larger input voltages produce progressively higher amplifier 
gains. Because the input is applied across the transistor base-emitter junc- 
tion, input voltages are generally | V or less. The maximum circuit output 
voltage is limited by the maximum voltage swing of the IC op-amp. 


6-6.78. Op-Amp High-lmpedance Bridge Amplifier 


Figure 6-51 is the working schematic of an IC op-amp used as 
a high-impedance bridge amplifier. The circuit is not limited to use with a 
bridge. However, a bridge of any type provides greater accuracy when its 
output is fed to a high-impedance amplifier. Under these conditions, little 
or no current is drawn from the bridge, and the bridge voltage output is 
amplified as necessary to provide a given reading. 

Amplification for the entire circuit is provided by IC,, and is dependent 
upon the ratio of R,/R,. IC, and IC, act as voltage followers, and provide 
no amplification. However, IC, and IC, do provide a high impedance to the 
bridge (easily 100 kQ, and above). 

The value of R, is chosen on the basis of input bias current and voltage 
drop, as described previously in this chapter. The value of R, is selected to 


R =R, > input voltage x 0.1 Ae 
1 "3 = input bias of IC, ” 

R, = gainx A, 

Ry = Ry 


Fig. 6-51 High-impedance bridge amplifier using three op-amps 
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provide the desired gain. Resistors R; and R, should be equal to the values 
of R, and R,, respectively. 


6-6.79. Op-Amp for Differential Input and Differential 
Output 


Figure 6-52 is the working schematic of two IC op-amps con- 
nected to provide differential-in/differential-out amplification. Generally, 
IC op-amps have a single-ended output. There are cases where a differential 
output is required. For example, the circuit of Fig. 6-52 can be used at the 
input of a system where there is considerable noise pickup at the input leads, 
but the input differential signal is very small. Since the noise signals are 
common-mode, they are not amplified. However, the small differential 
input is amplified. 

The circuit of Fig. 6-52 can be formed with two identical IC op-amps or a 
dual-channel IC op-amp. The dual-channel IC is preferable since both chan- 
nels have identical characteristics (gain, bias, etc.). This is because both 
channels are fabricated on the same semiconductor chip. However, the circuit 


Pe espiae V,, x 0.05 
2 "4 input bias 
R, = R3 = Rz x gain of each IC 


V. 


out 


in 


Fig. 6-52 Differential input/differential output using two op-amps 
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will work satisfactorily if the two ICs are carefully matched as to charac- 
teristics (particularly in regards to input-bias and input-offset voltage). 

As shown by the equations, each IC (or each channel) provides one half the 
total differential output gain. Thus, if each IC provides a gain of 10, the differ- 
ential output is 20 times the differential input. 

The output voltage swing is double that of the individual ICs. Generally, 
the maximum output swing of a single-ended IC op-amp is slightly less than 
the Vec — Veg voltages. Using the circuit of Fig. 6-52, the maximum differ- 
ential output swing is twice that of the Veg — V gz voltages. For example, if 
the Vec — Veg voltages are 6 V, the maximum differential output is slightly 
less than 12 V. 

The values of R, and R, are chosen on the basis of input bias current and 
voltage drop, as normal. The values of R, and R, are chosen to provide the 
desired gain. Resistors R, and R, should be equal in value to R, and R,, 
respectively. 


6-6.20. Op-Amp with Zero Offset Suppression 


Figure 6-53 is the working schematic of an IC op-amp used to 
provide amplification of a small signal riding on a large, fixed, dc level. For 


Ry 


< 0.1 x minimum input signal 
AS eae 
input bias 
R= R, x gain 
Drop across AR, ~ 3 x desired offset suppression 
drop across Ag ~ drop across R, x 0.5 


drop across A; ~ drop across R, x 0.5 
drop across A, ~ Voc — drop across Ag 


drop across A, ~ Veg — drop across AR; 
—Veg R, ~ (Rg + R7) x 10 


Fig. 6-53 Integrated-circuit op-amp with zero offset suppression to 
provide amplification of small signal riding on large, fixed level 
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example, assume that the input signal varies between 2 and 10 mV, and that 
the signal source never drops below +5 V. That is, the source is +5 V with 
no signal and +5.002 to +5.010 V with signal. Now assume that the output 
is to vary between 200 mV and | V. 

The obvious solution is to apply a fixed +5 V to the noninverting input. 
This will offset the +5 V at the inverting input and result in 0-V output 
(under no-signal conditions). This solution ignores the fact that the IC op-amp 
probably has some characteristic input offset V;,, or assumes that the IC has 
some provision for neutralizing V;,. The solution also assumes that the 
signal is riding on exactly +5 V. 

If V;, cannot be ignored (say because it is large in relation to the signal), or 
if the fixed dc voltage is subject to possible change, the alternative offset cir- 
cuit of Fig. 6-53 should be used. The circuit is a simple resistance network 
that makes use of existing Vcc and Vg, voltages. In use, potentiometer R, 
is adjusted to provide zero output from the IC under no-signal conditions. 
That is, the 2- to 10-mV signal is removed, but the +5 V remains at the invert- 
ing input, while R, is adjusted for zero at the IC output. 

The values for offset networks are not critical. However, the values should 
be selected so that a minimum of current is drawn from the Vec — Vg sup- 
plies, and a minimum of current should flow through Rg. 

Although it may not be obvious, the principles shown in Fig. 6-53 can be 
applied to most of the IC op-amp applications described in this chapter. 
That is, any zero offset (at the IC input and output) can be suppressed by 
applying a fixed (or adjustable) voltage of correct polarity and amplitude to 
the opposite input. 


6-6.21. Op-Amp Track-and-Hold Amplifier 


Figure 6-54 is the working schematic of two IC op-amps used 
as a track-and-hold amplifier (also known as a sample-and-hold amplifier). 

With this circuit, when voltages are applied to the gate inputs, the diode 
bridge conducts, and the output voltage tracks the input voltage. However, 
the polarity of the output signal is reversed from that of the input. If it is 
necessary to have an output that tracks the input directly, an IC connected 
aS a unity-gain inverter can be used at the output. 

With conventional silicon diodes, which have a normal voltage drop of 
about 0.7 V, the gate voltage must be about 1.5 V, plus the maximum input 
voltage. When the gate voltage polarity is reversed from that shown in Fig. 
6-54 by an external switching system, the diode bridge stops conducting. Due 
to the charge on capacitor C,, the value of the output voltage is equal to that 
of the input voltage just prior to switching the bridge off. The output voltage 
remains at this value for a time period, the length of which is dependent on 
the value of C,, the diode leakage current, and the input bias current of the 
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Ry 
C, 
a 
Min ma Vout 
R, 
IC, 
R3 
Ls = 
Gate 
voltage Ry, 
V,, x 0.1 
input bias of IC 
Ry = FR, x gain 
Rz = Rag = 1kQ 
gate voltage ~ 1.5 + max V,, 
t (lp +1) 
jar ee = 


out 

t = time in seconds for no change in V,,,, 
lp =CR, diode leakage 

/g = \C, input bias 

Agu = difference in output voltage 


Fig. 6-54 Track-and-hold (sample-and-hold) amplifier using op-amp 


IC, as shown by the equation. Neither of the currents can be altered. How- 
ever, the time period can be set to a given value by proper selection of capac- 
itor C, value. 

The value of R, is chosen on the basis of input bias current and voltage 
drop. Since the usual purpose of the circuit is to track the input voltage, no 
gain is required. Thus, R, should be the same value as R,, at least as the first 
trial value. However, if the circuit shows some loss during test (output volt- 
age 1s less than input voltage), increase the value of R, as necessary to pro- 
duce the desired output. 

The values of R, and R, are not critical. Use the 1-kQ values for both re- 
sistors, assuming that standard silicon diodes are used and that the gate volt- 
age does not exceed about 7 V. 


7. AMPLIFIER TEST 
AND 
TROUBLESHOOTING 


This chapter is devoted to test and troubleshooting techniques 
for all types of amplifiers. It is assumed that the reader is already familiar 
with the use of common electronic test equipment and with basic solid- 
state troubleshooting techniques. These subjects are covered thoroughly in 
the author’s Handbook of Electronic Test Equipment (Prentice-Hall, Inc., 
Englewood Cliffs, N.J., 1971); and Handbook of Practical Solid-State Trouble- 
shooting (Prentice-Hall, Inc., Englewood Cliffs, N.J., 1971), respectively. The 
following sections describe test and troubleshooting procedures that apply 
specifically to amplifiers. 


7-1. BASIC AUDIO-AMPLIFIER TESTS 


The following paragraphs do not describe every possible test 
to which audio circuits can be subjected. However, they do include all basic 
tests necessary for “typical” audio-amplifier circuit operation. 


7-1.1. Frequency Response 


The frequency response of an audio amplifier, or filter, can be 
measured with an audio signal generator and a meter or oscilloscope. When a 
meter is used, the signal generator is tuned to various fequencies, and the re- 
sultant circuit output response is measured at each frequency. The results 
are then plotted in the form of a graph or response curve, such as shown in 
Fig. 7-1. The procedure is essentially the same when an oscilloscope is used 
to measure audio-circuit frequency response. However, an oscilloscope gives 
the added benefit of visual distortion analysis, as discussed in Sec. 7-1.10. 
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Fig. 7-1 Linear IC frequency-response test connections and typical 
response curve 


The basic frequency-response measurement procedure (with either meter 
or oscilloscope) is to apply a constant-amplitude signal while monitoring the 
circuit output. The input signal is varied in frequency (but not amplitude) 
across the entire operating range of the circuit. Any well-designed audio cir- 
cuit Should have a constant response from about 20 Hz to 20 kHz. With direct- 
coupled amplifiers, the response can be extended from a few hertz (or possibly 
from direct current) on up to 100 kHz (and higher). The voltage output at 
various frequencies across the range is plotted on a graph, as follows: 


1. Connect the equipment as shown in Fig. 7-1. 


to 


. Initially, set the generator output frequency to the low end of the range. 
Then set the generator output amplitude to the desired input level. 

3, In the absence of a realistic test input voltage, set the generator output to an 

arbitrary value. A simple method of finding a satisfactory input level is to 
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monitor the circuit output (with the meter or oscilloscope) and increase the 
generator output at the circuit center frequency (or at 1 kHz) until the circuit 
is overdriven. This point is indicated when further increases in generator out- 
put do not cause further increases in meter reading (or the output waveform 
peaks begin to flatten on the oscilloscope display). Set the generator output 
just below this point. Then return the meter or oscilloscope to monitor the 
generator voltage (at circuit input) and measure the voltage. Keep the 
generator at this voltage throughout the test. 


4. If the circuit is provided with any operating or adjustment controls (volume, 
loudness, gain, treble, balance, etc.), set these controls to some arbitrary 
point when making the initial frequency-response measurement. The 
response measurements can then be repeated at different control settings if 
desired. 


5. Record the circuit output voltage on the graph. Without changing the 
generator output amplitude, increase the generator frequency by some 
fixed amount, and record the new circuit output voltage. The amount of fre- 
quency increase between each measurement is an arbitrary matter. Use an 
increase of 10 Hz where rolloff occurs and 100 Hz at the middle frequencies. 


6. Repeat the process, checking and recording the amplifier output voltage at 
each of the check points in order to obtain a frequency-response curve. With 
a typical audio amplifier, the curve will resemble that of Fig. 7-1, with a flat 
portion across the middle frequencies and a rolloff at each end. A bandpass 
filter has a similar response curve. High-pass and low-pass filters produce 
curves with rolloff at one end only. (High pass has a rolloff at the low end, 
and vice versa.) 


7. After the initial frequency-response check, the effect of operating or adjust- 
ment controls should be checked. Volume, loudness, and gain controls 
should have the same effect all across the frequency range. Treble and bass 
controls may also have some effect at all frequencies. However, a treble con- 
trol should have the greatest effect at the high end, while a bass control 
affects the low end most. 


8. Note that generator output may vary with changes in frequency, a fact often 
overlooked in making a frequency-response test of any circuit. Even preci- 
sion laboratory generators can vary in output with changes in frequency, 
thus resulting in considerable error. It is recommended that the generator 
output be monitored after each change in frequency (some audio generators 
have a built-in output meter). Then, if necessary, the generator output 
amplitude can be reset to the correct value. Within extremes, it is more 
important that the generator output amplitude remain constant rather than 
at some specific value when making a frequency-response check. 


7-1.2. Voltage-Gain Measurement 


Voltage-gain measurement in an audio amplifier is made in the 
same way as frequency response. The ratio of output voltage divided by input 
voltage (at any given frequency, or across the entire frequency range) is the 
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voltage gain. Since the input voltage (generator output) is held constant for a 
frequency response test, a voltage gain curve should be identical to a fre- 
quency-response curve. 


7-1.3. Power Output and Gain Measurement 


The power output of an audio amplifier is found by noting 
the output voltage Egy; across the load resistance R, (Fig. 7-1), at any fre- 
quency, or across the entire frequency range. Power output Is Egy7?/R,. 

To find power gain of an amplifier, it is necessary to find both the input 
and output power. Input power is found in the same way as output power, 
except that the impedance at the input must be known (or calculated). Cal- 
culating input impedance is not always practical in some amplifiers, especially 
in designs where input impedance is dependent upon transistor gain. (The 
procedure for finding input impedance of an amplifier is described in 
Sec. 7-1.7.) With input power known (or estimated), the power gain 1s the 
ratio of output power to input power. 

In some applications the specification input sensitity is used. Input-sensi- 
tivity specifications require a minimum power output with a given be 
input (such as 100-W output with |-V rms input). 


7-1.4. Power-Bandwidth Measurement 


Many audio-amplifier design specifications include a power- 
bandwidth factor. Such specifications require that the audio amplifier deliver 
a given power output across a given frequency range. For example, a circuit 
may produce full power output up to 20 kHz, even though the frequency re- 
sponse is flat up to 100 kHz. That 1s, voltage (without load) remains constant 
up to 100 kHz, whereas power output (across a normal load) remains con- 
Stant up to 20 kHz. 


7-1.5. Load-Sensitivity Measurement 


An audio-amplifier circuit of any design is sensitive to changes 
in load, especially power amplifiers. An amplifier produces maximum power 
when the output impedance of the amplifier is the same as the load imped- 
ance. 

The circuit for load-sensitivity measurement is the same as for frequency 
response (Fig. 7-1), except that load resistance R, is variable. (Never use a 
wirewound load resistance. The reactance can result in considerable error.) 

Measure the power output at various load impedance/output impedance 
ratios. That is, set R, to various resistance values, including a value equal to 
the amplifier output impedance, and note the voltage and/or power gain at 
each setting. Then repeat the test at various frequencies. Figure 7-2 is a typical 
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Fig. 7-2. Output power versus load impedance (showing effect of match 
and mismatch between output and load) 


load-sensitivity response curve. Note that if the load is twice the output im- 
pedance (as indicated by a 2.0 ratio in Fig. 7-2) the output power is reduced 
to approximately 50 per cent. 


7-1.6. Dynamic-Output-/mpedance Measurement 


The load-sensitivity test can be reversed to find the dynamic 
output impedance of an amplifier circuit. The connections (Fig. 7-1) and 
procedures are the same, except that R, is varied until maximum output power 
is found. Power is removed and R, is disconnected from the circuit. The dc 
resistance of R, is equal to the dynamic output impedance. Of course, the 
value applies only at the frequency of measurement. The test can be repeated 
across the entire frequency range if desired. 


7-1.7. Dynamic-Ilnput-l!mpedance Measurement 


To find the dynamic input impedance of an amplifier, use the 
circuit of Fig. 7-3. The test conditions are identical to those for frequency 
response, power output, and so on. That is, the same audio generator operat- 
ing load, meter or oscilloscope, and frequencies are used. 

Adjust the signal source to the frequency (or frequencies) at which the cir- 
cuit is to be operated. Move switch S between positions A and B, while 
adjusting resistance R until the voltage reading is the same in both positions 
of S. Disconnect R, and measure the de resistance of R, which is then equal 
to the dynamic impedance of the amplifier input. 
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Fig. 7-3. Linear IC dynamic- 
input-impedance test connec- 
tions 


Accuracy of the impedance measurement is dependent upon the accuracy 
with which the dc resistance is measured. A noninductive resistance must be 
used. The impedance found by this method applies only to the frequency used 
during test. 


7-1.8. Signal Tracing 


An oscilloscope is the most logical instrument for checking 
amplifier circuits, whether they are complete amplifier systems, or a single 
stage. The oscilloscope will duplicate every function of an electronic volt- 
meter in troubleshooting, signal tracing, and performance testing amplifier 
circuits. In addition, the oscilloscope offers the advantage of a visual display 
for common audio-amplifier conditions as distortion, hum, noise, ripple, and 
oscillation. 

An oscilloscope is used in a manner similar to that of a voltmeter when 
signal tracing amplifier circuits. A signal is introduced into the input by the 
signal generator. The amplitude and waveform of the input signal are meas- 
ured on the oscilloscope. The oscilloscope probe is then moved to the input 
and output of each stage, in turn, until the final output is reached. The gain 
of each stage is measured as a voltage on the oscilloscope. In addition, it is 
possible to observe any change in waveform from that applied to the input. 
Thus, stage gain and distortion (if any) are established quickly with an 
oscilloscope. 


7-1.9. Checking Distortion by Sinewave Analysis 


The connections for amplifier circuit signal tracing with sine- 
waves are shown in Fig. 7-4. 

The procedure for checking amplifier distortion by means of sinewaves is 
essentially the same as that described in Sec. 7-1.8. The primary concern, 
however, is deviation of the amplifier (or stage) output waveform from the 
input waveform. If there is no change (except in amplitude), there is no dis- 
tortion. If there is a change in the waveform, the nature of the change often 
reveals the cause of distortion. For example, the presence of second or third 
harmonics distorts the fundamental. 
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Fig. 7-4 Basic signal tracing through amplifier stages using sinewaves 
and an oscilloscope 


In practice, analyzing sinewaves to pinpoint amplifier problems that pro- 
duce distortion is a difficult job requiring considerable experience. Unless the 
distortion is severe, it may pass unnoticed. Sinewaves are best used where 
harmonic distortion or intermodulation distortion meters are combined with 
the oscilloscope for distortion analysis. If an oscilloscope is to be used alone, 
squarewaves provide the best basis for distortion analysis. (The reverse is 
true for frequency-response and power measurements.) 


7-1.10. Checking Distortion by Squarewave Analysis 


The procedure for checking distortion by means of square- 
waves is essentially the same as for sinewaves. Distortion analysis is more 
effective with squarewaves because of their high odd-hamonic content, and 
because it is easier to see a deviation from a straight line with sharp corners 
than from a curving line. 

As in the case of sinewave distortion testing, squarewaves are introduced 
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Fig. 7-5 Linear IC squarewave distortion analysis 


into the circuit input, while the output is monitored on an oscilloscope. (See 
Fig. 7-5.) The primary concern is deviation of the amplifier (or stage) output 
waveform from the input waveform (which is also monitored on the oscil- 
loscope). If the oscilloscope has the dual-trace feature, the input and output 
can be monitored simultaneously. If there is a change in waveform, the na- 
ture of the change often reveals the cause of distortion. 

The third, fifth, seventh, and ninth harmonics of a clean squarewave are 
emphasized. If an amplifier passes a given frequency and produces a clean 
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Squarewave output, it is safe to assume that the frequency response is good 
up to at least nine times the squarewave frequency. 


7-1.11. Harmonic-Distortion Measurement 


No matter what amplifier circuit is used, or how well the cir- 
cuit is designed, there is always the possibility of odd or even harmonics being 
present with the fundamental. These harmonics combine with the fundamen- 
tal and produce distortion, as is the case when any two signals are combined. 
The effects of second- and third-harmonic distortion are shown in Fig. 7-6. 

Commercial harmonic-distrotion meters operate on the fundamental sup- 
pression principle. As shown in Fig. 7-6, a sinewave is applied to the amplifier 
input, and the output is measured on the oscilloscope. The output is then ap- 
plied through a filter that suppresses the fundamental frequency. Any output 
from the filter is then the result of harmonics. 

The output is also displayed on the oscilloscope. (Some commercial har- 
monic-distortion meters use a built-in meter instead of, or in addition to, an 
external oscilloscope.) When the oscilloscope is used, the frequency of the 
filter output signal is checked to determine harmonic content. For example, 
if the input is | kHz and the output (after filtering) is 3 kHz, it would indicate 
third-harmonic distortion. 
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Fig. 7-6 Harmonic-distortion analysis 
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The percentage of harmonic distortion is also determined by this method. 
For example, if the output (without filter) is 100 mV and with filter it is 3 mV, 
a 3 per cent harmonic distortion is indicated. 

In some commercial harmonic-distortion meters the filter is tunable so 
that the amplifier can be tested over a wide range of fundamental frequencies. 
In other harmonic-distortion meters the filter is fixed in frequency, but can 
be detuned slightly to produce a sharp null. 


7-1.12. Intermodulation-Distortion Measurement 


When two signals of different frequency are mixed in an am- 
plifier, there is a possibility that the lower-frequency signal will amplitude 
modulate the higher-frequency signal. This produces a form of distortion 
known as intermodulation distortion. 

Commercial intermodulation-distortion meters consist of a signal genera- 
tor and high-pass filter, as shown in Fig. 7-7. The signal generator portion of 
the meter produces a high-frequency signal (usually about 7 kHz) that is 
modulated by a low-frequency signal (usually 60 Hz). The mixed signals are 
applied to the circuit input. The amplifier output is connected through a high- 
pass filter to the oscilloscope vertical channel. The high-pass filter removes 
the low-frequency (60-Hz) signal. Thus, the only signal appearing on the 
oscilloscope vertical channel should be the high-frequency (7-kHz) signal. If 
any 60-Hz signal is present on the display, it is being passed through as mod- 
ulation on the 7-kHz signal. 

Figure 7-7 also shows an intermodualtion test circuit that can be fabricated 
in the shop or laboratory. Note that the high-pass filter 1s designed to pass 
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Fig. 7-7 Intermodulation-distortion analysis 
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signals above about 200 Hz. The purpose of the 39- and 10-kQ resistors is to 
set the 60-Hz signal at four times that of the 7-kHz signal. Most audio 
generators provide for a line-frequency output (60 Hz) that can be used as 
the low-frequency modulation source. 

If the laboratory circuit of Fig. 7-7 is used instead of a commercial meter, 
set the generator line-frequency output to 2 V (if adjustable). Then set the 
generator audio output (7 kHz) to 2 V. If the line-frequency output is not ad- 
justable, measure the value and then set the generator audio output to the 
Same value. 

The percentage of intermodulation distortion can be calculated using the 
equation of Fig. 7-7. 


7-1.13. Background-Noise Measurement 


If the vertical channel of an oscilloscope is sufficiently sensitive, 
an oscilloscope can be used to check and measure the background noise level 
of an amplifier, as well as to check for the presence of hum, oscillation, and 
the like. The oscilloscope vertical channel should be capable of a measurable 
deflection with about | mV (or less), since this is the background noise level 
of many amplifiers. 

The basic procedure consists of measuring amplifier output with the volume 
or gain control (if any) at maximum, but without an input signal. The oscil- 
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Fig. 7-8 Amplifier background-noise test connections 
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loscope is superior to a voltmeter for noise-level measurement since the fre- 
quency and nature of the noise (or other signal) are displayed visually. 

The basic connections for background-noise-level measurement are shown 
in Fig. 7-8. The oscilloscope gain or sensitivity control is increased until 
there is a noise or “hash” indication. 

It is possible that a noise indication could be caused by pickup in the leads. 
If in doubt, disconnect the leads from the amplifier, but not from the oscil- 
loscope. 

If it is suspected that there is a 60 Hz line hum present in the amplifier 
output (picked up from the power supply or any other source), set the oscil- 
loscope “Sync” control to line (or whatever other control is required to syn- 
chronize the oscilloscope trace at the line frequency). If a stationary signal 
pattern appears, it is due to the line hum. 

If a signal appears that is not at the line frequency, it can be due to oscilla- 
tion in the amplifier, or stray pickup. Short the amplifier input terminals. If 
the signal remains, it is probably oscillation in the amplifier. 


7-1.14. Phase-Shift and Feedback Measurements 


In any amplifier there is some phase shift between input and 
output signals. This is usually not cirtical for audio-amplifier circuits. One 
exception is in operational amplifiers where feedback from output to input 
is used to control gain, as discussed in Chapter 6. For that reason, the pro- 
cedures for measurement of phase-shift and feedback levels in amplifier cir- 
cuits are described in Sec. 7-4. 


7-1.15. Transformer Characteristics 


If an audio-amplifier design does not prove satisfactory, the 
fault may be with the transformer. The obvious test is to measure the trans- 
former windings for opens, shorts, and the proper resistance value with an 
ohmmeter. In addition to basic resistance checks, it is possible to test a trans- 
former’s proper polarity markings, regulation, impedance ratio, and center- 
tap balance with a voltmeter. 

Phase relationships. When two supposedly identical transformers must be 
operated in parallel, as they are in some audio loudspeaker systems, and the 
transformers are not marked as to phase or polarity, the phase relationship 
of the transformers can be checked using a voltmeter and power source. 

The test circuit for phase relationships is shown in Fig. 7-9. Audio-am- 
plifier transformers can be tested using an audio generator as the source volt- 
age. As shown, the transformers are connected in proper phase if the meter 
reading is zero. The transformers are out of phase if the secondary output 
voltage is double that of the normal secondary output. This condition can be 
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S Fig. 7-9 Measuring transformer 
phase relationships 


corrected by reversing either the primary or secondary leads (but not both) 
of one transformer (but not both transformers). 

If the meter indicates some secondary voltage, it is possible that one trans- 
former has greater output than the other. This condition will result in 
considerable local current (current between transformers) in the secondary 
winding and will produce a power loss (and possible damage to the trans- 
formers if the local current is large). 

Polarity markings. Many transformers are marked as to polarity or phase. 
These markings may consist of dots, color-coded wires, or some similar sys- 
tem. Unfortunately, transformer polarity markings are not always standard. 
This can prove very confusing, particularly in experimental work. 

Generally, transformer polarities are indicated on schematics as dots next 
to the terminals. When standard markings are used, the dots mean that if 
electrons are flowing into the terminal with the dot, the electrons will flow 
out of the secondary terminal with the dot. The dots have the same polarity 
so far as the external circuits are concerned. No matter what system is used, 
the dots or other markings show relative phase, since instantaneous polarities 
are changing across the transformer windings. 

From a practical standpoint, there are only two problems of concern: the 
relationship of the primary to the secondary, and the relationship of markings 
on one transformer to those on another. 

The phase relationship of primary to secondary can be found using the test 
circuit of Fig. 7-10. First check the voltage across terminals | and 3, then 
across | and 4 (or | and 2). Assume that there 1s 3 V across the primary with 
7 V across the secondary. If the windings are as shown in Fig. 7-10a, the 3 V 
is added to the 7 V and appears as 10 V across terminals | and 3. If the wind- 
ings are as shown in Fig. 7-10b, the voltages oppose each other, and appear 
as 4 V (7 — 3) across terminals | and 3. 

The phase relationship of one transformer marking to another can be found 
using the test circuit of Fig. 7-11. Assume that there is a 3-V output from 
the secondary of transformer A, and a 7-V output from transformer B. If the 
markings are consistent on both transformers, the two voltages oppose, and 
4 V is indicated. If the markings are not consistent, the two voltages add, re- 
sulting in a 10-V reading. 
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Fig. 7-11 Testing consistency of 
transformer polarities or phase 
markings 


Impedance ratio. The impedance ratio of a transformer is the square of the 
winding ratio. For example, if the winding ratio of a transformer is 15 to I, 
the impedance ratio is 225 to |. Any impedance value placed across one wind- 
ing is reflected back onto the other winding by a value equal to the impedance 
ratio. Assuming an impedance ratio of 225 to 1 and a 1800-Q impedance 
placed on the primary, the secondary has a reflected impedance of 8 Q (1800/ 
225 = 8). Likewise, if a 10-Q impedance is placed on the secondary, the 
primary has a reflected impedance of 2250 (225 « 10 = 2250). 

Impedance ratio is related to turns ratio (primary to secondary). However, 
turns-ratio information is not always available, so the ratio must be calculated 
using a test circuit as shown in Fig. 7-12. 
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Fig. 7-12 Measuring transformer 
turns and impedance ratio 


Impedance ratio = er or er 
Measure both the primary and secondary voltage. Divide the larger volt- 
age by the smaller, noting which is primary and which is secondary. For 
convenience, set either the primary or secondary to some exact voltage. 

The turns ratio is equal to one voltage divided by the other. 

The impedance ratio is the square of the turns ratio. 

For example, assume that the primary shows 11.5 V with 2.3 V at the sec- 
ondary. This indicates a 5-to-| turns ratio (11.5/2.3 = 5), and a 25-to-1 im- 
pedance ratio (52 = 25). 

Winding balance. There is always some imbalance in center-tapped trans- 
formers (such as those used in class B audio power amplifiers). That is, the 
turns ratio and impedance ratio are not exactly the same on both sides of 
the center tap. A large imbalance can impair operation of any circuit, but 
especially a push-pull class B amplifier where an imbalance can result in 
distortion. 

It is possible to find a large imbalance by measuring the dc resistance on 
either side of the center tap. However, a small imbalance might not show up 
with de resistance measurements. 

It is usually more practical to measure the vo/tage on both sides of a center 
tap, as shown in Fig. 7-13. If the voltages are equal, the transformer winding 
is balanced. If a large imbalance is indicated by a large voltage difference, the 
winding should then be checked with an ohmmeter for shorted turns, poor 
design, and so on. 


i ca aa | 
Input a Ve) 
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7-2. ANALYZING AMPLIFIER OPERATION WITH 
TEST RESULTS 


The following notes apply primarily to solving design problems 
(poor frequency response, lack of gain, etc.) in amplifiers, but can also be 
applied to analyzing circuits of existing commercial amplifiers. 

When design circuits of any kind fail to perform properly (or as hoped 
they would perform), a planned procedure for isolating the problem is very 
helpful. Keep in mind that transistor circuit troubleshooting is difficult at 
best. This is especially true when the circuit involves more than one stage, 
since the stages are interdependent. 

Failure in design circuits. A special problem arises in analyzing failure of 
design circuits. The first requirement in logical troubleshooting is a thorough 
knowledge of the circuit's performance when operating normally. However, a 
failure in a trial circuit, just designed, can be the result of component failure 
or improper trial values for components. For example, an existing amplifier 
may show low gain based on past performance. A newly designed amplifier 
circuit may show the same results simply because it is the best gain possible 
with the selected trial components. 

To minimize the problem in newly designed amplifiers, try to isolate prob- 
lems on a Stage-by-stage basis. For example, if the circuit has two or more 
stages and gain is low for the overall circuit, measure the gain for each stage. 
With trouble isolated to a particular stage, try to determine which half of 
the stage is at fault. 

Stage input-output relationship. Any transistor stage has two halves, input 
and output. Generally, the input is base-emitter (or gate-source for a FET), 
with the emitter—-collector (source—-drain) acting as the output. Keep in mind 
that a defect in one half will affect the other half. An obvious example of this 
is where low input current (base) produces low output current (collector). 
Sometimes less obvious is the case where output affects input. For example, 
in a stage with an emitter resistor (for feedback stabilization), an open col- 
lector appears to reduce the input impedance. 

Loop feedback problems. Circuits with loop feedback (overall feedback) 
present a particular problem. A closed feedback loop causes all stages to 
respond as a unit, making it difficult to know which stage is at fault. This 
problem can be solved by opening the feedback loop. To do so, however, 
creates another problem, since the operating Q point of one (or possibly 
all) stages is disturbed. 

Saturated and/or cut-off transistors. Look for any transistor that is fu// on 
(collector or drain voltage very low) or full off (collector or drain voltage 
very high, probably near the supply voltage). Either of these conditions in a 
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linear amplifier of any type is the result of component failure or improper 
design. In effect, the transistor is operating as a switch, rather than an am- 
plifier. 

Bias problems. Design faults that appear under no-signal conditions (such 
as inproper Q point) are generally the result of improper biss relationships. 
Faults that appear only when a signal is applied can be caused by poor bias, 
but can also result from wrong component values. 

A high-gain circuit is generally more difficult to bias than a low-gain cir- 
cuit. Use the following procedure when it is difficult to find a good bias point 
(or Q point) for a high-gain amplifier. 

Increase the signal input until the output waveform appears as a square- 
wave (Fig. 7-14). That is, overdrive the amplifier circuit. 

Keep reducing the input signal, while adjusting the bias, until both positive 
and negative peaks are clipped by the same amount. 

If it is impossible to find any bias point where the signal peaks can be clip- 
ped symmetrically, a defect in design or components can be suspected. 

Unsymmetrical clipping can be caused by operating the transistor on a 
nonlinear portion of its transfer curve of load line (improper bias), or by the 
fact that the transistor does not have a linear curve (or a very short linear 
curve). Try a different transistor. If the results are the same, change the cir- 
cuit trial values (particularly collector, emitter, and base resistances). 

Oscillation and feedback problems. If it is impossible to obtain any Q point 
except very near full on or full off, this can be caused by excess positive feed- 
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Fig. 7-14 Determining proper bias (Q point) by means of oscilloscope 
displays 
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back. While this condition is desirable in a multivibrator or oscillator, it 
must be avoided in linear amplifiers. 

High-gain amplifiers should be carefully checked to find any tendency to 
oscillate or to exhibit abnormal noise. High-gain amplifiers may also be very 
sensitive to supply-voltage changes. When an amplifier design circuit has 
been completed, it is often helpful to repeat all the basic test procedures with 
various supply voltages. Unless othwerwise specified by design requirements, 
any amplifier should peform equally well with a +10 per cent supply-voltage 
variation. 

If oscillation occurs in any amplifier circuit (high or low gain), try moving 
the input and output leads. Even a well-designed amplifier may oscillate sim- 
ply because input and output leads are close together. It may be necessary to 
physically relocate parts or to shield parts of an amplifier to prevent feedback 
that results in oscillation. 

Low-frequency oscillation is often the result of poor supply-voltage filtering 
or too many stages connected to the same supply-voltage point. Try isolating 
the stages with separate supply-voltage filter capacitors. 

Poor low-frequency response. The most common cause of poor low-frequen- 
cy response is /ow capacitor values. The design procedures of Chapters 1 and 
2 provide for an approximate 1-dB loss at the low-frequency limit. If a greater 
loss can be tolerated, a lower capacitor value can be used. (This applies to 
coupling capacitors, emitter-bypass capacitors, or source-bypass capacitors, 
but not to power supply or decoupling capacitors.) If better low-frequency 
response is desired, all other factors being equal, increase capacitor values. 

Poor high-frequency response. The most common cause of poor high- 
frequency response is the input capacitance of transistors. As frequency in- 
creases, transistor input capacitance decreases, changing the input impedance. 
This change in input impedance usually results in decreased gain, all other 
factors remaining equal. Generally, poor high-frequency response is not a 
problem over the audio range (up to about 20 kHz), but can be a problem 
beyond about 200 kHz. The only practical solutions are to accept reduced 
stage gain or change transistors. 


7-3. BASIC RADIO-FREQUENCY AMPLIFIER TESTS 


The following paragraphs describe test procedures for RF 
amplifiers. The first paragraphs are devoted to test and measurement proce- 
dures for the resonant circuits used at radio frequencies (resonant-frequency 
measurements, Q measurements, etc.). The remaining sections cover test 
procedures for RF amplifiers in such typical applications as transmitters and 
receivers. 
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For best results, RF amplifiers are tested in final form (with all components 
soldered in place). This will show if there is any change in circuit characteris- 
tics due to the physical relocation of components (as a result of design changes 
or troubleshooting and repair procedures). 

Often there is capacitance or inductance between components, from com- 
ponents to wiring, and between wires. These stray “components” can add 
to the reactance and impedance of circuit components. When the physical 
locations of parts and wiring are changed, the stray reactances change, and 
alter circuit performance. 


7-3.1. Basic Radio-Frequency Voltage Measurement 


When the voltages to be measured are at radio frequencies 
and are beyond the frequency capabilities of a meter or oscilloscope, an RF 
probe is required. Such probes rectify the RF signals into a de output that is 
almost equal to the peak RF voltage. The dc output of the probe is then ap- 
plied to the meter or oscilloscope and Is displayed as a voltage readout in the 
normal manner. 

If a probe is available as an accessory for a particular meter or oscillo- 
scope, use that probe in favor of any homemade probe. The manufacturer’s 
probe is matched to the meter or oscilloscope in calibration, frequency com- 
pensation, or the like. If a probe is not available for a particular meter, the 
following notes can be used to make a probe for RF voltage measurement. 

The half-wave probe (Fig. 7-15) provides an output to the meter (or oscil- 
loscope) that is approximately equal to the peak value of the voltage being 
measured. Since most meters are calibrated to read in rms values, the probe 
output must be reduced to 0.707 of the peak value by means of R,. A variable 
(noninductive) resistor can be substituted for R, during calibration, and then 
replaced by a fixed resistor of the correct value. 

To calibrate the probe, apply an RF voltage of precise, known amplitude 
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at the RF input terminals. Adjust R, until the meter reads 0.707 times the 
known input voltage. For example, with 10-V radio frequency at the input, 
adjust R, for a 7.07-V reading on the meter. Replace variable R, with a fixed 
resistance of corresponding value (or leave R, set at the correct value). Re- 
peat the test over the anticipated frequency range. The probe of Fig. 7-15 
should provide satisfactory results up to about 250 MHz. Beyond that fre- 
quency, always use the probe supplied with the meter or oscilloscpe. Keep in 
mind that the meter must be set to read direct current, since the probe output 
is direct current. 


7-3.2. Measuring LC Circuit Resonant Frequency 


The circuit for measuring resonant frequency of an LC circuit 
is shown in Fig. 7-16. 

To use the circuit, adjust the unmodulated RF generator output amplitude 
for a convenient indication on the meter. Then, starting at a frequency well 
below the lowest possible frequency of the LC circuit, slowly increase the 
generator output frequency. 

For a parallel-resonant LC circuit, watch the meter for a maximum or 
peak indication. 

For a series-resonant LC circuit, watch the meter for a minimum or dip 
indication. 
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source 3kQ 
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Fig. 7-16 Measuring resonant frequency of LC circuits 
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The resonant frequency of the LC circuit is the one at which there is a 
maximum (for parallel) or minimum (for series) indication on the meter. 

Note that there may be peak or dip indications at harmonics of the res- 
onant frequency. The test is most efficient when the approximate resonant 
frequency is known. 

To broaden the response (so that the peak or dip can be approached more 
slowly), increase the value of R, from 100 kQ. (An increase in R, lowers the 
LC circuit Q). To sharpen the response, lower the value of R,. 


7-3.3. Measuring Inductance of a Coil 


The circuit for measuring inductance of a coil is shown in 
Fig. 7-17. 

To use the circuit, adjust the unmodulated RF generator output amplitude 
for a convenient indication on the meter. Then, starting at a frequency well 
below the lowest possible resonant frequency of the LC combination under 
test, slowly increase the generator output frequency. 

The resonant frequency of the LC circuit is the one at which there is a 
maximum indication on the meter. Using this resonant frequency and a 
known capacitance value, calculate the unknown inductance using the equa- 
tion of Fig. 7-17. To simplify calculations, use a convenient capacitance value, 
such as 100 pF, 1000 pF, or the like. 

Note that the procedure can be reversed to find an unknown capacitance 
value when a known inductance value is available. 
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Fig. 7-17 Measuring inductance of a coil 
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Increase the value of R, to broaden the peak indication, if desired (or vice 
versa). 


7-3.4. Measuring Self-Resonance and Distributed Capacitance 
of a Coil 


There is distributed capacitance in any coil, which can com- 
bine with the coil’s inductance to form a resonant circuit. Although the 
self-resonant frequency may be quite high in relation to the operating fre- 
quency at which the coil is used, the self-resonant frequency may be near a 
harmonic of the operating frequency. This limits the usefulness of the coil 
in an LC circuit. Some coils, particularly RF chokes, may have more than 
one self-resonant frequency. 

The circuit for measuring self-resonance and distributed capacitance of a 
coil is shown in Fig. 7-18. 

To use the circuit, adjust the unmodulated RF generator output amplitude 
for a convenient indication on the meter. Tune the generator over its entire 
frequency range, starting at the lowest frequency. Watch for either peak or 
dip indications on the meter. Either a peak or dip indicates that the inductance 
is at a self-resonant point. The generator output frequency at this point is the 
self-resonant frequency (or a harmonic). 

Make certain that peak or dip indications are not the result of changes in 
generator output level. Cover the entire frequency range of the generator, 
or at least from the lowest frequency up to the third harmonic of the highest 
frequency involved in circuit design or operation. 

Once the resonant frequency (or frequencies) has been found, calculate 
the distributed capacitance using the equation of Fig. 7-19. 


(L) 
Unmodulated inductance of 
RF Rs coil being 
source 3kQ2Q tested 


Meter 
with 
probe 


Fig. 7-18 Measuring self- 
resonance and distributed ca- C (uF) ~ —254.x 10" 
pacitance of a coil F (Hz)? x L (H) 


Meter 
with 
pO 


ee 


source 


repo 


(b) 


100 kQ2 + 


= Load 


(c) 


F, = peak resonant frequency 


Fig. 7-19 Measuring Q of resonant circuits 
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7-3.5. Measuring Q of Resonant Circuits 


The Q of a resonant circuit sets the circuit bandwidth. That is, 
a high Q circuit has a narrow bandwidth (sharp tuning), whereas a low QO 
circuit has a wide bandwidth (broad tuning). The most practical measurement 
of resonant circuit Q is to measure the bandwidth at the resonant frequency. 
The circuits for measuring bandwidth (or Q) of resonant circuits are shown 
in Fig. 7-19. 

Figure 7-19a shows the test circuit in which the signal generator is con- 
nected directly to the input of a complete stage, and Fig. 7-19b shows the 
indirect method of connecting the signal generator to the input. 

When the stage or circuit has sufficient gain to provide a good reading on 
the meter with a nominal output from the generator, the indirect method 
(with isolating resistor) is preferred. Any signal generator has some output 
impedance (typically 50 Q). When this resistance is connected directly to the 
tuned circuit, the Q is lowered and the response becomes broader. (In some 
cases, the generator output impedance can seriously detune the circuit.) 

Figure 7-19c shows the test circuit for a single component (such as an IF 
transformer). 

When the resonant circuit is normally used with a load, the most realistic 
Q measurement is made with the circuit terminated in that load value. A fixed 
resistance can be used to simulate the load. The Q of a resonant circuit is 
often dependent upon the load value. 

To use the circuit, adjust the unmodulated RF generator output amplitude 
for a convenient indication on the meter. Tune the signal generator to the 
circuit resonance frequency; then tune the generator for maximum reading on 
the meter. Note the generator frequency. 

Tune the generator below resonance until the meter reading is 0.707 of the 
maximum reading. Note the generator frequency (this is frequency F,). To 
make the calculation more convenient, adjust the generator output level so 
that the meter reading is some even value, such as | V or 10 V, after the gener- 
ator is tuned for maximum. This will make it easy to find the 0.707 mark. 

Tune the generator above resonance until the meter reading is 0.707 of the 
maximum reading. Note the generator frequency (this is frequency F,). 

Calculate the circuit Q using the equation of Fig. 7-19. 


7-3.6. Measuring Impedance of Resonant Circuits 


Any resonant circuit has some impedance at the resonant 
frequency. The impedance changes with frequency. This includes transform- 
ers (tuned and untuned), tank circuits, and so on. In theory, a series-reso- 
nant circuit has zero impedance, and a parallel-resonant circuit has infinite 
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impedance. In practical circuits, this is impossible, since there is always some 
resistance in the circuit. 

In practical amplifier work it is often convenient to find the actual im- 
pedance of a completed circuit, at a given frequency. Also, it may be neces- 
sary to find the impedance of a component so that circuit values can be 
designed around the impedance. For example, an IF transformer presents 
an impedance at both its primary and secondary. These values may not be 
specified. 

The impedance of a resonant circuit or component can be measured using a 
signal generator and a meter with an RF probe. An electronic voltmeter pro- 
vides the least loading effect on the circuit, thus providing the most accurate 
indication. 

The procedure for impedance measurement at radio frequencies is the 
same as for audio frequencies, as discussed in Sec. 7-1.7, except as follows: 

An RF generator must be used as the signal source. The meter must be 
provided with an RF probe. If the circuit or component under measurement 
has both an input and output (such as a transformer), the opposite side or 
winding must be terminated in its normal load. A fixed resistance can be used 
to simulate the resistance. If the impedance of a tuned circuit is to be mea- 
sured, tune the circuit to peak or dip; then measure the impedance at reson- 
ance. Once the resonant impedance is found, the generator can be tuned to 
other frequencies to find the corresponding impedance. 


7-3.7. Testing Transmitter Radio-Frequency Amplifier Circuits 


It is possible to test and adjust transmitter RF amplifiers using 
a meter with an RF probe. If an RF probe is not available, or as an alter- 
native, it is possible to use a test circuit such as shown in Fig. 7-20: This 
circuit is essentially a pick-up coil, which is placed near the RF amplifier in- 
ductance, and a rectifier that converts the radio frequency into a dc voltage 
for measurement on a meter. 

Figure 7-21] shows the basic circuit for test and measurement of RF am- 
plifier circuits. If the amplifier being measured is without an oscillator, a 
drive signal must be supplied by means of a signal generator. Use an un- 
modulated signal at the correct operating frequency. 
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Fig. 7-21 Testing transmitter RF amplifier circuits 


In turn, connect the meter to each amplifier stage. Start with the first stage 
(this will be the oscillator if the circuit under test is a complete transmitter), 
and work toward the final or output amplifier. 

A voltage indication should be obtained at each stage. Usually, the voltage 
indication increases with each amplifier stage. Some stages may be frequency 
multipliers and provide no voltage amplification. 

If a particular amplifier stage is to be tuned, adjust the tuning control for 
a maximum reading on the meter. If the stage is to be operated with a load 
(such as the final amplifier into an antenna), the load should be connected, 
or a simulated load should be used. A fixed resistance provides a good simu- 
lated load at frequencies up to about 250 MHz. 

It should be noted that this tuning method or measurement technique 
does not guarantee each stage is at the desired operating frequency. It is 
possible to get maximum readings on harmonics. However, it is conventional 
to design RF transmitter amplifier circuits so that they will not tune to both 
the desired operating frequency and a harmonic. Generally, RF amplifier 
tank circuits tune on either side of the desired frequency, but not to a harmon- 
ic (unless the circuit is seriously detuned, or the design calculations are 
hopelessly inaccurate). 


7-3.8. Testing Receiver Radio-Frequency Circuits 


It is possible to test and adjust receiver RF circuits using a 
meter and signal generator. Both AM and FM receivers require alignment of 
the IF and RF amplifiers. An FM receiver also requires alignment of the 


382 Amplifier Test and Troubleshooting Chap. 7 


detector stage (discriminator or ratio detector). If a complete receiver is being 
tested, and the receiver includes an AVC-AGC circuit, the AGC must be 
disabled (by means of a fixed bias of opposite polarity to the signal produced 
by the detector). The bias is typically on the order of a few volts and 1s placed 
on the AGC line during alignment. 

FM detector alignment. The circuit for FM detector alignment is shown in 
Fig. 7-22. 

Adjust the signal generator frequency to the intermediate frequency (usu- 
ally 10.7 MHz). Use an unmodulated output from the signal generator. 

Adjust the secondary winding (either capacitor or tuning slug) of the dis- 
criminator transformer (which is the output of the final IF amplifier or IF 
amplifier limiter) for zero reading on the meter. Adjust the transformer 


Unmodulated 
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Fig. 7-22 Frequency-modulated detector alignment circuit 
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slightly each way and make sure the meter moves smoothly above and below 
the exact zero mark. (A meter with a zero-center scale is most helpful when 
adjusting FM detectors.) 

Adjust the signal generator to some point below the intermediate frequency 
(to 10.625 MHz for an FM detector with a 10.7-MHz intermediate frequency). 
Note the meter reading. 

Adjust the signal generator to some point above the intermediate frequency 
exactly equal to the amount set below the intermediate frequency. For ex- 
ample, if the generator is set to 0.075 MHz below the intermediate frequency 
set the generator to 0.075 MHz above it (or 10.625 and 10.775 MHz) 

The meter should read approximately the same on both sides of the inter- 
mediate frequency, except the polarity is reversed. For example, if the meter 
reads 7 scale divisions below zero and 7 scale divisions above zero, the FM 
detector is balanced. If an FM detector cannot be balanced, the fault is usu- 
ally a serious mismatch in diodes or other components. 

Return the generator to the intermediate frequency (10.7 MHz) and adjust 
the primary winding of the discriminator transformer for maximum reading 
on the meter. This sets the primary winding at the correct resonant frequency 
of the intermediate frequency. 

AM and FM alignment. The alignment procedures for the IF amplifier 
stages of an AM receiver are essentially the same as those of an FM receiver. 
However, the meter must be connected at different points in the correspond- 
ing detector, as shown in Fig. 7-23. In either case, the meter is set to measure 
direct current, and the RF probe is not used. In those cases where the IF 
stages are being tested without a detector (such as during design), an RF 
probe is required. As shown in Fig. 7-23, the RF probe is connected to the 
secondary of the final IF output transformer. 

Set the meter to measure direct current and connect it to the appropriate 
test point (with or without an RF probe, as applicable). Adjust the generator 
frequency to the receiver intermediate frequency (typically 10.7 MHz for 
FM and 455 kHz for AM). Use an unmodulated RF signal. 

Adjust the windings of the IF transformers (capacitor or tuning slug) in 
turn, starting with the /ast stage and working toward the first stage. Adjust 
each winding for maximum reading. Repeat the procedure to make sure 
that there is no interaction between adjustments (usually there is some 
interaction). 

AM and FM radio-frequency amplifier alignment. The alignment procedures 
for the RF stages (RF amplifier, local oscillator, mixer/converter) of an AM 
receiver are essentially the same as for an FM receiver. Again, it is a matter 
of connecting the meter to the appropriate test point. The same test points 
used for IF alignment can be used for aligning the RF stages, as shown in 
Fig. 7-24. However, if an individual RF stage is to be aligned, the meter must 
be connected to the secondary winding of the RF stage output transformer 
through an RF proble. 
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Fig. 7-23 Intermediate-frequency alignment for AM and FM receivers 
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Fig. 7-24 Alignment of RF amplifier and local oscillator (converter— 
mixer) 


Set the meter to measure direct current and connect it to the appropriate 
test point (with or without an RF probe, as applicable). 

Adjust the generator frequency to some point near the high end of the re- 
ceiver operating frequency (typically 107 MHz for a broadcast FM receiver, 
and 1400 kHz for an AM broadcast receiver). Use an unmodulated output 
from the signal generator. 

Adjust the RF stage trimmer for maximum reading on the meter. 

Adjust the generator frequency to the low end of the receiver operating 
frequency (typically 90 MHz for FM and 600 kHz for AM). 

Adjust the oscillator stage trimmer for maximum reading on the meter. 

Repeat the procedure to make sure the resonant circuits “track” across 
the entire tuning range. 


7-4. BASIC OPERATIONAL-AMPLIFIER TESTS 
The following paragraphs describe test procedures for op-amps. 


The tests are primarily for use with IC op-amps, but also apply to discrete- 
component op-amps. 
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The basic procedures are essentially the same as for audio amplifiers (Sec. 
7-1), except for the differences noted in the following paragraphs. 


7-4.1. Frequency Response 


Frequency response for an op-amp is tested in essentially the 
same way as for an audio amplifier, except that the frequency range is ex- 
tended beyond the audio range. Both open-loop and closed-loop frequency 
response should be measured with the same load. 


7-4.2. Voltage Gain 


Voltage-gain measurement for an op-amp is the same as for 
an audio amplifier, except that the basic IC has a maximum input and output 
voltage limit, neither of which can be exceeded without possible damage to the 
IC and/or clipping of the waveform. 

Note the frequency at which the open-loop voltage gain drops 3 dB 
down from the low-frequency value. This is the open-loop bandwidth. 

Keep in mind that the open-loop voltage gain and bandwidth are charac- 
teristics of the basic IC. Closed-loop gain is (or should be) dependent upon 
the ratio of feedback and input resistances, while closed-loop bandwidth is 
essentially dependent upon phase compensation values. 


7-4.3. Power Output, Gain, and Bandwidth 


Most IC op-amps are not designed as power amplifiers. How- 
ever, their power output, gain, and bandwidth can be measured in the same 
way as audio amplifiers (Secs. 7-1.3, 7-1.4). 

Keep in mind that an IC has a power dissipation of its own, which must be 
subtracted from the total device dissipation to find the available power output. 


7-4.4. Load Sensitivity 


Since an IC op-amp Is generally not used as a power amplifier, 
load sensitivity is not critical. However, if it should be necessary to measure 
the load sensitivity, use the procedure of Sec. 7-1.5. 


7-4.5, Input and Output Impedance 


Dynamic input and output impedance of an IC op-amp can 
be found using the procedures of Sec. 7-1.6 and 7-1.7. Keep in mind that 
closed-loop impedances will differ from open-loop impedances. 
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7-4.6. Distortion 


Distortion measurements for IC op-amps are the same as for audio am- 
plifiers (Secs. 7-1.9 through 7-1.12). However, distortion requirements for 
op-amps are usually not critical. 


7-4.7. Background Noise 


Background noise measurements for IC op-amps are the same 
as for audio amplifiers (Sec. 7-1.13). Generally, background noise should be 
measured under open-loop conditions. Some datasheets specify that both in- 
put and output voltages be measured. When input voltage is to be measured, 
a fixed resistance (usually 50 Q) is connected between the input terminals. 


7-4.8. Feedback Measurement 


Since op-amp characteristics are based on the use of feedback 
signals, it is often convenient to measure feedback voltage at a given frequency 
with given operating conditions. 

The basic feedback measurement connections are shown in Fig. 7-25. The 
most accurate measurement is made when the feedback lead is terminated 
in the normal operating impedance. 

If an input resistance is used in the normal circuit, and this resistance is 
considerably lower than the IC input impedance, use the resistance value. 

If in doubt, measure the input impedance of the IC (Sec. 7-4.5); then 
terminate the feedback lead in that value to measure feedback voltage. 


7-4.9. Input Bias Current 


Input bias current can be measured using the circuit of: Fig. 
7-26. Any resistance value for R, and R, can be used, provided the value 
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Fig. 7-25 Feedback measure- 
ment of op-amp 
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No signal input 


Fig. 7-26 Input bias current 
S os measurement of op-amp 


produces a measurable voltage drop. A value of | kQ is realistic for R, 
and R,. 

Once the voltage drop is found, the input bias current can be calculated. 
For example, if the voltage drop is 3 mV across | kQ, the input bias current 
is 3 WA. 

In theory, the input bias current should be the same for both inputs. In 
practice, the bias currents should be almost equal. Any great difference in 
input bias is the result of unbalance in the input differential amplifier of the 
IC, and can seriously affect design. 


7-4.10. Input-Offset Voltage and Current 


There are a number of ways in which input-offset voltage can 
be measured. The simplest is to short both inputs to ground and measure 
the output voltage (if any). However, this does not establish input-offset 
Current. 

Input-offset voltage and current can be measured using the circuit of Fig. 
7-27. 

As shown, the output is alternately measured with R, shorted and with R, 
in the circuit. The two output voltages are recorded as E, (S, closed, R; 
shorted), and E£, (S, open, R, in the circuit). 

With the two output voltages recorded, the input-offset voltage and input- 
offset current can be calculated using the equations of Fig. 7-27. For example, 
assume that R, = 51Q, R, = 5.1 kQR, = 100 kQ, FE, = 83 mV, and £, = 
363 mV. 


input-offset voltage = soy = 0.83 mV 


; a 280 mV = 
input-offset current = TOOKQ (1 + 100) > 0.0277 wA 
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Fig. 7-27 Input-offset voltage and current measurement 


7-4.11. Common-Mode Rejection 


389 


Common-mode rejection can be measured using the circuit of 


Fig. 7-28. 


Find the open-loop gain under identical conditions of frequency, input, 


and so forth, as described in Secs. 7-4.1 and 7-4.2. 


Then connect the IC in the common-mode circuit of Fig. 7-28. Increase the 
common-mode voltage (V,,) until a measurable output Voyr is obtained. Be 
careful not to exceed the maximum specified input common-mode voltage 
swing. If no value is specified, do not exceed the normal input voltage of the 


IC. 
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Fig. 7-28 Common-mode rejection measurement 


To simplify calculation, increase the input voltage until the output is 1 mV. 
With an open-loop gain of 100, this will provide a differential input signal of 
0.00001 V. Then measure the input voltage. Move the input voltage decimal 
point over five places to find the CMR. 


7-4.12. Slew Rate 


An easy way to observe and measure the slew rate of an op- 
amp is to measure the slope of the output waveform produced by a square- 


90% 


Squarewave Sinewave 
input = output 
(Fast rise time) 


Fig. 7-29 Slew-rate measurement 
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wave input signal, as shown in Fig. 7-29. The input squarewave must have a 
rise time that exceeds the slew rate capability of the amplifier. Thus, the out- 
put does not appear as a squarewave, but as an integrated wave. 

In the example shown in Fig. 7-29, the output voltage rises (and falls) about 
40 Vin 1 us. 

Note that slew rate increases with higher gain. 


7-4.13. Power-Supply Sensitivity 


Power-supply sensitivity can be measured using the circuit of 
Fig. 7-27 (the same test circuit as for input-offset voltage, Sec. 7-4.10). 

The procedure is the same as for measurement of input-offset voltage, 
except that one supply voltage is changed (in 1-V steps) while the other supply 
voltage is held constant. The amount of change in input-offset voltage for a 
1-V change in one power supply is the power-supply sensitivity (or input- 
offset voltage sensitivity). 

For example, assume that the normal positive and negative supplies are 
10 V, and the input offset voltage is 7 mV. With the positive supply held 
constant, the negative supply is reduced to 9 V. Under these conditions, as- 
sure that the input-offset voltage if 5 mV. This means that the negative power- 
supply sensitivity is 2 mV/V. The test should be repeated over a wide range 
(in 1-V steps) if the op-amp is to be operated under conditions where the 
power supply may vary by a large amount. 


7-4.14,. Phase Shift 


Because of the feedback principle involved in op-amps, phase 
shift between input and output of an op-amp Is far more critical than with an 
audio amplifier. In the ideal open-loop op-amp, the output is 180° out of 
phase with the negative input and in phase with the positive input. 

Phase shift is measured with an oscilloscope. The most accurate method Is 
with a dual-trace oscilloscope. 

Dual-trace phase measurement. The dual-trace procedure Is essentially one 
of displaying both input and output signals on the oscilloscope screen simul- 
taneously, measuring the distance (in screen scale divisions) between related 
points on the two traces, and then converting the distance into phase. 

The test connections for dual-trace phase measurement are shown in Fig. 
7-30. For most accurate results, the cables connecting input and output sig- 
nals should be of the same length and characteristics. At higher frequencies 
a difference in cable length or characteristics could introduce a phase shift. 

The oscilloscope controls are adjusted until one cycle of the input signal 
occupies exactly nine divisions (9 cm horizontally) of the screen. Then the 
phase factor of the input signal is found. For example, if 9cm represents one 
complete cycle or 360°, 1 cm represents 40° (360/9 = 40). 
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With the phase factor established, the norizontal distance between corre- 
sponding points on the two waveforms (input and output signals) is measured. 
This measured distance is multiplied by the phase factor of 40°/cm to find the 
exact amount of phase difference. For example, assume a horizontal difference 
of 0.6 cm with a phase factor of 40° as shown in Fig. 7-30. Multiply the hori- 
zontal difference by the phase factor to find the phase difference (0.6 x 40 = 
24° phase shift between input and output signals). 


7-5. BASIC FEEDBACK AMPLIFIER TROUBLESHOOTING 


Troubleshooting amplifiers without feedback is a relatively 
simple procedure. The input and output waveforms of each stage can be 
monitored on an oscilloscope (Sec. 7-1.8). Any stage showing an abnormal 
waveform (in amplitude, waveshape, etc.) or the absence of an output wave- 
form (in amplitude, waveshape, etc.) or the absence of an output waveform, 
with a known, good input signal, points to a defect in that stage. Voltage 
measurements on all transistor elements will then pinpoint the problem. 

Troubleshooting an amplifier with feedback is a more difficult task. Such 
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problems as measurement of gain can be a particular concern. For example, 
if you try opening the loop to make gain measurements, you usually find so 
much gain that the amplifier saturates, and the measurements are meaning- 
less. On the other hand, if you start making waveform measurements on a 
working closed-loop system, you often find the input and output signals are 
normal (or near normal), while inside the loop many of the waveforms are 
distorted. For this reason feedback loops, especially internal-stage feedback 
loops, require special attention. 

Typical feedback-amplifier circuit. Figure 7-31 is the schematic of a basic 
feedback amplifier. Note the various waveforms around the circuit. These 
waveforms are similar to those that appear if the amplifier is used with sine- 
waves. Note that there is an approximate 15 per cent distortion inside the 
feedback loop (between Q, and Q,), but only a 0.5 per cent distortion at the 
output. This is only slightly greater distortion than at the input (0.3 per cent). 
Open-loop gain for this circuit is approximately 4300; closed-loop gain is ap- 
proximately 1000. The gain ratio (open loop to closed loop) of'4 to | 1s typical 
for feedback amplifiers used in laboratory work. 

Amplification of signals. Transistors in feedback amplifiers behave just like 
transistors in any other circuit. That is, the transistors respond to all the same 
rules for gain and input-output impedance. Specifically, each transistor am- 
plifies the signal appearing between its emitter and base. It is here that the 
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Fig. 7-31 Basic feedback amplifier 
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greatest difference occurs between gain stages in feedback amplifiers and gain 
stages in nonfeedback (open-loop) amplifiers. 

Difference in open-loop and closed-loop gain. Transistor Q, in Fig. 7-3] has 
a varying signal on both the emitter and base rather than on one element. In 
a nonfeedback amplifier, the signal usually only varies at one element, either 
the emitter or base. Since most systems use negative feedback, the signals at 
both the base and emitter are in phase. The resultant gain is much less than 
when one of these elements is fixed (no feedback, open loop). 

This accounts for the great amplifier gain increase when the loop is opened. 
Either the base or the emitter of the transistor stops moving, and the base- 
emitter control elements see a much larger effective input signal. Assume that 
a perfect input signal is applied to the input (point A of Fig. 7-1). If the am- 
plifier is perfect (produces no distortion), the signal returning to B will also 
be undistorted. Since the system uses negative feedback, the signal that travels 
around the loop a second time 1s undistorted as well. If the amplifier is not 
perfect (assume an extreme case of clipping distortion), the returning signal 
will show that effect of distortion, as in Fig. 7-32. 


Fig. 7-32 Amplifier-induced 
distortion in signal returning to 
point B 


To simplify the explanation, assume that the clipping is introduced in Q, 
and that Q, is perfect. Now the signals applied to the base and emitter of Q, 
are not identical. The resultant applied signal at the control point of Q, will 
be quite distorted. In effect, the distortion will be a mirror image of the dis- 
tortion introduced by Q,. Transistor Q, then amplifies this distortion and 
adds in its own counterdistortion. The result then, after many trips around 
the loop, is that there can be distortion inside the loop, but it is counterbal- 
anced by the feedback system. The final output from Q, is undistorted, or 
relatively free of amplifier-induced distortion. The higher the amplification 
and the greater the feedback, the more effective this cancellation becomes, and 
the lower the output distortion becomes. 

This last fact marks the basic difference in troubleshooting a feedback am- 
plifier. In any amplifier there are three basic causes of distortion: overdriving, 
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operating the transistor at the wrong bias point, and the inherent nonlinearity 
of any solid-state device. 

Overdriving can be the result of many causes (too much input signal, too 
much gain in the previous stage, etc.). However, the net result is that the out- 
put signal is clipped on one peak due to the transistor being driven into satura- 
tion, and on the other peak by driving the transistor below cutoff. 

Operating at the wrong bias point can also produce clipping, but of only 
one peak. For example, if the input signal is 1 V and the transistor is biased 
at | V, the input will swing from 0.5 to 1.5 V. Assume that the transistor 
Saturates at any point above 1.6 V and Is cut off at any point below 0.4 V. 
No problem will occur with the correct bias (1 V). 

But now assume that the bias point is shifted (due to component aging, 
transistor leakage, etc.) to 1.3 V. The input now swings from 0.8 to 1.8 V, 
and the transistor saturates when one peak goes from 1.6 to 1.8 V. If, 
on the other hand, the bias point is shifted down to 0.7 V, the input swings 
from 0.2 to 1.2 V, and the opposite peak is clipped as the transistor goes into 
cutoff. 

Even if the transistor is not overdriven, it is still possible to operate a tran- 
sistor on a nonlinear portion of its curve due to wrong bias. All transistors 
have some portion of their input-output curve that is more linear than other 
portions. That is, the output increases (or decreases) directly in proportion 
to input. An increase of 10 per cent at the input produces an increase of 10 
per cent at the output. Ideally, transistors are operated at the center of this 
linear curve. If the bias point is changed, the transistor can operate on a 
portion of the curve that is less linear than the desired point. 

The inherent nonlinearity of any solid-state device (diode, transistor, etc.) 
can produce distortion even if a stage is not overdriven and Is properly biased. 
That is, the output never increases (or decreases) directly in proportion to the 
input. For example, an increase of 10 per cent at the input can produce an 
increase of 13 per cent (or 7 per cent) at the output. This is one of the main 
reasons for feedback in amplifiers where low distortion is required. 

In summary, a negative feedback loop operates to minimize distortion, in 
addition to stabilizing gain. The feedback takeoff point has the minimum 
distortion of any point within the loop. From a practical troubleshooting 
standpoint, if the final output distortion and the overall gain are within limits, 
all the stages within the loop can be considered as operating properly. Even 
if there is some abnormal gain in one or more of the stages, the overall feed- 
back system has compensated for the problem. Of course, if the overall gain 
and/or distortion are not within limits, the individual stages must be checked. 


7-5.1. Feedback-Amplifier Troubleshooting Notes 


Most feedback-amplifier problems can be pinpointed by wave- 
form measurements and voltage measurements. The following notes should 
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be given special attention when troubleshooting any feedback amplifier cir- 
cuit. 

Opening the loop. Some troubleshooting literature recommends that the 
loop be opened and the circuits checked under no-feedback conditions. In 
some cases, this can cause circuit damage. Even if there is no damage, the 
technique is rarely effective. Open-loop gain is usually so high that some stage 
will block or distort badly. If the technique is used, as it must be for some 
circuits (typically an op-amp ), keep in mind that distortion will be increased. 
That is, a normally closed-loop amplifier can show considerable distortion 
when operated as an open loop, even though the amplifier is good. 

Measuring stage gain. Care should be taken when measuring the gain of 
amplifier stages in a feedback amplifier. For example, in Fig. 7-31 if you meas- 
ured the signal at the base of Q,, the base-to-ground voltage would not be 
the same as the input voltage. To get the correct value, connect the low side 
of the measuring device (ac voltmeter or oscilloscope) to the emitter and the 
other lead to the base (see Fig. 7-33). In effect, measure the signal across the 
base-emitter junction. This will include the effect of the feedback signal. 

As a general safety precaution, never connect the ground lead of a volt- 
meter or oscilloscope to the base of a transistor, unless that lead connects back 
to an isolated inner chassis. The reason is because large ac ground loop currents 
can flow through the base-emitter junction (and then to ground) and easily 
blow out the transistor. 

Low-gain problems. As discussed, low gain in a feedback amplifier can also 
result is distortion. That is, if gain is normal in a feedback amplifier, some 
distortion can be overcome. With low gain the feedback may not be able to 
bring the distortion within limits. Of course, low gain by itselfiis sufficient 
cause to troubleshoot amplifier (feedback or not). 
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Fig. 7-33 Measuring input signal voltage or waveforms 
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Take the classic failure pattern of a solid-state feedback amplifier that was 
working properly, but now the output is low by about 10 per cent. This 
indicates a general deterioration of performance, rather than a major break- 
down. 

Keep in mind that most feedback amplifiers have a very high open-loop 
gain that is set to some specific value by the ratio of resistors (feedback re- 
sistor to load resistor). If the closed-loop gain is low, it usually means that 
the open-loop gain has fallen far enough so that the resistors no longer set 
the gain. For example, if the ac beta of Q, in Fig. 7-31 is lowered, the open- 
loop gain is lowered. Also the lower beta lowers the input impedance of Q,, 
which, in turn, reduces the effective value of the load resistor for Q,. This 
also has the effect of lowering overall gain. 

In troubleshooting such a situation, if waveforms indicate low gain and 
element voltages are normal, try replacing the transistors. Of course, never 
overlook the possibility of open or badly leaking emitter-bypass capacitors. 
If the capacitors are open or leaking (acting as a resistance in parallel with the 
emitter resistor), there will be considerable negative feedback and little ac 
gain. Of course, a completely shorted emitter-bypass capacitor will produce 
an abnormal dc voltage indication at the transistor emitter. 

Distortion problems. As discussed, distortion can be caused by improper 
bias, overdriving (too much gain), or underdriving (too little gain, preventing 
the feedback signal from countering the distortion). One problem often over- 
looked in a feedback amplifier with a distortion failure pattern is overdriving 
due to transistor leakage. (The problem of transistor leakage is discussed 
further in Sec. 7-6.) 

Generally, it 1s assumed that the collector—base leakage will reduce gain, 
since the leakage is in opposition to the signal current flow. While this is true 
in the case of a single stage, it may not be true where more than one feedback 
stage is involved. 

Whenever there is collector-base leakage, the base assumes a voltage 
nearer to that of the collector (nearer, than is the case without leakage). 
This increases transistor forward bias and increases transistor current flow. 
An increase in the transistor current causes a lower /;, (ac input resistance, 
grounded-base configuration), which causes the stage gain to go up. At the 
same time, a reduction in /,, causes a reduction in common-emitter input re- 
sistance, which may or may not cause a gain reduction (depending on where 
the transistor is located in the amplifier). 

If the feedback amplifier is direct coupled, the effects of feedback are in- 
creased. This is because the operating point (base bias) of the following stage 
is changed, possibly resulting in distortion. For example, the collector of Q, 
is connected directly to the base of Q,. If Q, starts to leak (or the collector— 
base leakage increases with age), the base of Q, (as well as the collector of 
Q,) will shift its Q point (no-signal voltage level). 
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7-6. EFFECTS OF LEAKAGE ON AMPLIFIER GAIN 


When there is considerable leakage in a solid-state amplifier, 
the gain is reduced to zero and/or the signal waveform is drastically distorted. 
Such a condition also produces abnormal waveforms and transistor voltages. 
These indications make the problem easy, or relatively easy, to locate. The 
real difficulty occurs when there is just enough leakage to reduce amplifier 
gain, but not enough leakage to seriously distort the waveform or produce 
transistor voltages that are way off. 

Collector—base leakage is the most common form of transistor leakage and 
produces a classic condition of low gain (in a single stage). When there is any 
collector—base leakage, the transistor is forward biased, or the forward bias 
is increased. This condition is shown in Fig. 7-34. 

Collector—base leakage has the same effect as a resistance between the col- 
lector and base. The base assumes the same polarity as the collector (although 
at a lower value), and the transistor is forward biased. If leakage is sufficient, 
the forward bias can be enough to drive the transistor into or near saturation. 
When a transistor is operated at or near the saturation point, the gain is re- 
duced for a single stage. This is shown in the curve of Fig. 7-35. 

If the normal transistor element voltages are known, excessive transistor 
leakage can be spotted easily, since all the transistor voltages will be off. For 
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example, in Fig. 7-34 the base and emitter will be high and the collector will 
be low when measured in reference to ground. However, ifthe normal operat- 
ing voltages are not known, the transistor can appear to be good, since all the 
voltage relationships are normal. That is, the collector—base junction Is re- 
verse biased (collector more positive than base for an NPN) and the emitter— 
base junction is forward biased (emitter less positive than base for NPN). 

A simple way to check transistor leakage is shown in Fig. 7-36. Measure 
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Fig. 7-36 Checking for transistor leakage in amplifier circuit 
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the collector voltage to ground. Then short the base to the emitter and re- 
measure the collector voltage. If the transistor is not leaking, the base-emit- 
ter short will turn the transistor off, and the collector voltage will rise to the 
same value as the supply. If there is any leakage, a current path will remain 
(through the emitter resistor, emitter—base short, collector—base leakage path, 
and collector resistor). There will be some voltage drop across the collector 
resistor, and the collector will have a voltage at some value lower than the 
supply. 

Note that most meters draw current, and this current passes through the 
collector resistor. This can lead to some confusion, particularly if the meter 
draws heavy current (has a low ohms-per-volt rating). To eliminate any doubt, 
connect the meter to the supply through a resistor with the same value as the 
collector resistor. The drop, if any, should be the same as when the transistor 
collector is measured to ground. If the drop is much lower when the collector 
is measured, the transistor is leaking. 

As an example, assume that in the circuit of Fig. 7-36 the supply is 12 V, 
the collector resistance is 2 kQ, and the collector measures 4 V with respect 
to ground. This means that there is an 8-V drop across the collector resistor 
and a collector current of 4mA (8/2000 = 4 mA). Normally, the collector 
is operated at about one-half the supply voltage or 6 V. However, simply be- 
cause the collector is at 4 instead of 6 V does not make the circuit faulty. 
Some circuits are designed that way. Therefore, the transistor must be check- 
ed for leakage. Now assume that the collector voltage rises to 10 V when the 
base and emitter are shorted. This indicates that the transistor is cutting off, 
but there is still some current flow through the collector resistor, about 1 mA 
(2/2000 = | mA). 

A |-mA current flow is high for a meter. However, to confirm a leaking 
transistor, connect the meter through a 2-kQ resistor to the 12-V supply, 
preferably at the same point where the collector resistor connects to the sup- 
ply. Now assume that the indication is 11.7 V through the external resistor. 
This indicates that there is some transistor leakage. The amount can be es- 
timated as follows: 11.7 — 10.5 = 1.2-V drop; 1.2/2000 = 0.6 mA. How- 
ever, from a practical troubleshooting standpoint, the presence of any current 
flow with the transistor supposedly cut off is sufficient cause to replace the 
transistor. 


7-7. EFFECT OF CAPACITORS IN SOLID-STATE 
AMPLIFIERS 


Although the functions of capacitors in solid-state amplifiers 
are similar to those invacuum-tube equipment, the results produced by capac- 
itor failure are not necessarily the same. An emitter-bypass capacitor is a 
good example. 
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Fig. 7-37 Effects of capacitor failure in solid-state amplifier circuits 
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The emitter resistor in a solid-state amplifier (such as R, in Fig. 7-37) is 
used to stabilize the transistor dc gain and prevent thermal runaway. With 
an emitter resistor in the circuit, any increase in collector current produces a 
greater drop in voltage across the resistor. When all other factors remain the 
same, this change in emitter voltage reduces the base-emitter forward-bias 
differential, thus tending to reduce collector current flow. 

When circuit stability is more important than gain, the emitter resistor is 
not bypassed. When ac or signal gain must be high, the emitter resistance 
is bypassed to permit passage of the signal. If the emitter-bypass capacitor is 
open, stage gain is reduced drastically, although the transistor dc voltages 
remain substantially the same. Thus, if there is a /ow-gain symptom in any 
solid-state amplifier with an emitter bypass, and the voltages appear normal, 
check the bypass capacitor. This can be done by shunting the bypass with a 
known good capacitor of the same value. As a precaution, shut off the power 
before connecting the shunt capacitor; then reapply power. This will prevent 
damage to the transistor (due to large current surges). 

The functions of coupling and decoupling capacitors in solid-state amplifiers 
are essentially the same as for vacuum-tube epuipment. However, the capac- 
itance values are much larger, particularly when the amplifier must pass 
very low frequencies. Electrolytics are usually required to get the large capac- 
itance values. From a practical standpoint, electrolytics tend to have more 
leakage than mica or ceramic capacitors. However, good-quality electrolytics 
(typically the bantam type found in solid-state circuits) have leakage of less 
than 10 wA at normal operating voltages. 

The function of C, in Fig. 7-37 is to pass signals from the previous stage to 
the base of Q,. If C, is shorted or leaking badly, the voltage from the previous 
Stage is applied to the base of Q,. This forward biases Q,, causing heavy cur- 
rent flow and possible burnout of the transistor. In any event, Q, is driven 
into saturation, and stage gain is reduced. If C, is open, there will be little or 
no change in the voltages at Q,, but the signal from the previous stage will 
not appear at the base of Q,. 

From a troubleshooting standpoint, a shorted or leaking C, will show up 
as abnormal voltages (and probably as distortion of the signal waveform). 
If C, is suspected of being shorted or leaky, replace C,. An open C, will show 
up as a lack of signal at the base of Q,, with a normal signal at the previous 
stage. If an open C, is suspected, replace C, or try shunting C, with a known 
good capacitor, whichever is convenient. 

The function of C; in Fig. 7-37 is to pass operating signal frequencies to 
ground (to provide a return path) and to prevent signals from entering the 
power-supply line or other circuits connected to the line. In effect, C; and 
R, form a low-pass filter that passes dc and very low frequency signals (well 
below the operating frequency of the circuit) through the power-supply line. 
Higher-frequency signals are passed to ground and do not enter the power- 
supply line. 
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If C; is shorted or leaking badly, the power-supply voltage will be shorted 
to ground or greatly reduced. This reduction of collector voltage makes the 
stage totally inoperative or will reduce the output, depending on the amount 
of leakage in C3. 

If C, 1s open, there will be little or no change in the voltages at 0,. How- 
ever, the signals will appear in the power-supply line. Also, signal gain will 
be reduced and the signal waveform will be distorted. In some cases, at higher 
signal frequencies, the signal simply cannot pass through the power-supply 
circuits. Since there is no path through an open C;, the signal will not appear 
on the collector circuit in any form. From a practical standpoint, the results of 
an open C; will depend on the values of R, (and other power-supply compo- 
nents) as well as on the signal frequency involved. 


7-8. BASIC OP-AMP TROUBLESHOOTING 


From a practical troubleshooting standpoint, it is often neces- 
sary to service op-amps by working with external feedback components. In 
the case of IC packages, the external components are the only ones that can 
be tested or replaced. Even with printed circuit card op-amps, troubleshoot- 
ing starts by isolating the problem to the external components or the ampli- 
fier components. That is, the amplifier is tested as a separate function first. If 
the amplifier performs properly, the trouble is isolated to the external com- 
ponents, and vice versa. 


7-8.1. Failure Patterns for Op-Amps 


Major disasters are relatively rare in well-protected op-amps, 
since input overloads never drive the circuit into saturation. Likewise, when 
such major failures occur, they are relatively easy to troubleshoot. That is, 
the problems are easy to spot by normal signal tracing with waveforms or 
voltage measurements at the transistor elements. For example, a major failure 
will usually show up as a normal input, but with no output, at a particular 
amplifier stage (or at the input and final output of an IC op-amp). 

However, op-amps are often plagued with such problems as hum, drift, 
and noise. The following paragraphs describe the most likely causes for such 
problems, with practical approaches for locating the faults. 


7-8.2. Hum and Ripple Problems 


In solid-state op-amps any hum or ripple almost always comes 
from the dc power supplies feeding the amplifier. This is unlike vacuum-tube 
op-amps, where hum and ripple can come from heater-to-cathode leakage. 
A possible exception is when hum is picked up due to poor shielding or badly 
grounded leads. 
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The first step in locating a hum or ripple problem is to short the input ter- 
minals and monitor the output with an oscilloscope. If the hum or ripple is 
removed when the input terminals are shorted, the hum is probably being 
picked up by the leads or at the terminal. Look for loose shields, loose ground 
terminals, and cold solder joints where lead shielding is attached to chassis 
or feed-through terminals. 

If the hum or ripple is not removed when the input terminals are shorted, 
the hum is probably coming from the power supply. Monitor the power- 
supply voltages at the point where they enter the amplifier. If the power supply 
is showing an abnormal amount of ripple, the problem is in the power sup- 
ply. However, since the amplifier has considerable gain, the ripple as moni- 
tored at the amplifier output may be much greater than at the power supply. 


7-8.3. Drift and Noise Problems 


Drift and noise problems in op-amps are perhaps the most 
common complaint. There are several places to look in trying to track the 
causes of noise and drift. 

Unstable power supplies. Op-amps are extremely sensitive to power-supply 
stability. For example, with solid-state op-amps the typical dual-power-supply 
voltages (required for differential amplifiers) are on the order of +12 V or 
+15 V. For satisfactory amplifier operation, the drift should be less than 
1 mV/min (or less in some special op-amps used with data-processing equip- 
ment). 

Because of the low voltages involved, power-supply-stability measurements 
are best made with a five- or six-place digital voltmeter. Such a meter can be 
connected to the monitoring point and checked at least once every minute, 
or over at least a 5-min interval. If the drift is less than 1 mV/min over this 
time interval, the power supply is probably satisfactory for typical op-amp 
use. 

Noisy zero-correction circuits. Another possible source of output noise in 
Op-amps is the zero-correction circuit, which takes voltages from both the 
positive and negative power supplies, and provides a small dc current to 
oppose the internally generated offset. (See Fig. 6-30.) 

If zener diodes are used to regulate some portion of the zero-correction 
supply voltage (as is done by CR,,; and CR; , in Fig. 6-30), the zeners should 
checked carefully for drift and noise. Keep in mind that any noise (or other 
signal) at the zero-correction circuit is injected into the amplifier at the 
point of highest gain (usually at the first-stage input). 

Contaminated printed circuit boards. Another frequent source of output 
drift is contamination of the printed circuit (PC) boards on which non-IC 
op-amps are often mounted. Contamination problems even apply to IC op- 
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amps. Although the IC package containing the complete op-amp is sealed, 
the summing junction is not sealed. (Typically, the summing junctions are 
placed on Teflon terminals near the IC package on the PC board.) 

When you remember that the input current at the summing junction is 
typically 107!! A, it is easy to see why any contamination from fingerprints 
(providing leakage paths into the junction) can cause annoying output in- 
stability. Op-amp circuit boards should be handled as little as possible, and 
then only while wearing cotton gloves. 

Great care should be taken never to touch the summing junction terminals 
with bare hands. Boards suspected of being contaminated should be washed 
carefully with a clean degreasing solvent, and dried with warm, dry air. 
(Never blow them dry with an air hose, as air lines invariably contain oil 
and water.) 

Leakage in the overload-protection circuitry. Another place to look for 
causes of output noise and drift is the overload-protection circuitry. If an 
amplifier has been subjected to repeated serious overloads, there is a possi- 
bility of finding high and unstable reverse leakage currents in the overload- 
protection circuits. 

For example, in the circuit of Fig. 6-31 in Chapter 6, the reverse currents 
can be monitored by measuring the voltages across R,,, and R,,;. Substan- 
tial voltage across these resistors indicates considerable reverse leakage. If 
such voltages are measured in an op-amp with a noise symptom, try replacing 
the diodes, one at a time. 

Unstable choppers. Perhaps the most common source of output instability 
in chopper-stabilized op-amps is instability of the chopper itself. In the case 
of electromechanical (vibrator-type) choppers, the problem is essentially one 
of variations in dwell time (the time during which the contacts are closed on 
each half of the cycle). 

With photoelectric choppers, such as described in Sec. 4-5.1 and illustrated 
in Fig. 4-14, instabilities in the firing voltage of the neon lamps will produce 
the same symptoms of erratic output voltages. However, since choppers 
modulate low-level signals, it is virtually impossible to ckeck choppers ex- 
cept by substitution. Any variation in musical note of an electromechanical 
chopper is a sure sign it should be replaced. However, since photoelectric 
choppers are a sealed unit, they must be checked by substitution. 


7-8.4. General Troubleshooting Hints for Op-Amps 


Due to their extremely high open-loop gain, troubleshooting 
op-amps can be quite difficult. The basic test connections are shown in Fig. 
7-38. The input is shorted, the drift output (if any) is monitored on a digital 
voltmeter, and the hum and noise (if any) are monitored on an oscilloscope. 
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Oscilloscope 
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voltmeter 
(6-place) 
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R, =R, x 10 


Fig. 7-38 Basic troubleshooting connections for op-amp 


If the op-amp is used in a circuit where feedback is not by means of a re- 
sistor (such as an integrator where the feedback is through a capacitor), a re- 
sistor should be inserted in the feedback path. The feedback resistor should 
be 10 times the value of the input resistor. Thus, the op-amp will operate with 
a gain of 10. 

The same test connections can be used to check the range of zero-adjust 
circuitry and the clipping level of the diode-protection circuitry. 

To check the zero-correction range, vary the zero control from one end of 
its range to the other while observing the op-amp output on the digital volt- 
meter. (The digital voltmeter should have a sensitivity of at least 1 mV.) If 
the zero control is provided with steps (instead of, or in addition to, a variable 
control), check to see that each step produces the same sized step in output 
voltage. Also check the output stability at each step. If the output voltage 
appears to be unstable at any particular step, look for poor contacts on the 
switch, poor solder connections, or a defective resistor connected to the 
switch contact. 

Sometimes it will be found that the range of the zero-adjust control is not 
sufficient to cause limiting of the amplifier (by means of protective overload 
circuitry). If this is the case, apply asmall de voltage of known stability (pref- 
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erably from a battery) to the input terminals of the amplifier. Check to see 
that limiting occurs at the amplifier output at the correct values for both 
polarities of the input voltage. 

Unbalance between the positive and negative overload breakdown voltages 
will suggest either an open or shorted diode in the overload-protection loop, 
or saturation taking place internally within the op-amp. In either case, leave 
the output driven lightly into saturation, and measure dc voltage appearing 
across all elements in the overload-protection circuit, plus the operating points 
of the various stages within the amplifier proper (unless the amplifier is an 
IC where internal stages cannot be measured). This should pinpoint the 
unbalance problem. 
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